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Over the last three decades, UAE has experienced a rapid track development and 
has been ranked as the world's highest construction activity per square kilometer. The 
largest energy consumer and the largest contributor to Carbon dioxide emissions in 
UAE is the building sector, using an average of 60% of the total electricity. The 
residential sector consumes about 30% of the total electricity consumption (DEWA, 
2017). This thesis aims to determine the optimum passive cooling design solutions of 
the residential villas in the UAE. The optimization methodology will consider the 
environmental and economic aspects of the construction and operation phases of the 
building's life. It evaluates selected passive cooling alternative solutions, including 
building orientation, configuration, insulation, glazing, cool coating, and exterior 
windows’ shading; to find the cost-optimum house design out of a baseline house 
model. 
Two semi-detached case study villas were selected, which are following the 
typical design of the local governmental villas (GVs) of Sharjah. A one-story small 
‘G-villa’ and a two-story ‘G+1 villa’. The methodology will be based on the literature, 
data gathering, and the prices/cost of the evaluated passive alternatives. The 
optimization process will use the manual selection of the passive techniques 
alternatives based on UAE market availability along with the dynamic simulation 
(DS). The DS will be conducted to find the annual energy consumption of each 
alternative using DesignBuilder software that embraces EnergyPlus engine, which will 
be validated and collaborated using real electricity bills of one full year (2019). Finally, 
the total cost analysis will be conducted using the ‘Net present value’ economical 
approach of the annual energy cost of 20 years life-span and the initial cost of each 
alternative. The alternative that has the minimum total cost, which takes into account 
the operation energy and initial cost, will be considered as the optimum solution. Each 
passive strategy alternatives will be analyzed separately and then to combined in one 
optimum model. 
The G-villa optimization results showed that increasing the initial investment by 
73.59 Dhs/m2 to decrease the annual energy cost by 31.52 Dhs/m2 is the optimum 






XPS wall insulation, 8 cm XPS roof insulation, glazing with a U-value of 2 W/m2K 
and SHGC of 0.29, and a roof cool coating. For the G+1 villa, the optimum solution is 
to increase the initial investment by 19.81 Dhs/m2 to decrease the annual energy cost 
by 7.34 Dhs/m2 by having the front façade to be north-oriented, 15 cm XPS wall 
insulation, 12 cm XPS roof insulation, glazing with a U-value of 1.9 W/m2K and 
SHGC of 0.26, 0.1 m Aluminum louvers on the west and south façades.  
The optimum model can help in enhancing the development of sustainable 
housing design in the UAE. This methodology can be linked with a local rating system 
like the Estidama villa pearl rating system or Sa’fat; to solve the real conflict problems 
of the economic and environmental aspects. The expected impact of this research is to 
promote sustainability into commercial and governmental applications by introducing 
the optimum villas that are tailored for the UAE context in terms of climate, market, 
and culture. 
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Title and Abstract (in Arabic) 
  
اإلمارات العربية  ذات التكلفة المثلى للمباني السكنية فيمستدامة التحديد الحلول 
 الحكومية في الشارقة  للالف المتحدة: دراسة حالة 
 ص الملخ
تطورا   المتحدة  العربية  اإلمارات  شهدت  الماضية،  الثالثة  العقود  مدى   حضريا    على 
أكبر مستهلك  هو سريعا ، وتم تصنيفها كأعلى نشاط بناء في العالم لكل كيلومتر مربع. قطاع البناء
في دولة اإلمارات العربية المتحدة، حيث  في انبعاثات ثاني أكسيد الكربون للطاقة وأكبر مساهم
الكهرباء.  60  حوالييستخدم   إجمالي  من  حوالي  يستهلك  ٪  السكني  إجمالي 30القطاع  من   ٪
تحديد أفضل هو هذه األطروحة  الهدف من(. 2017استهالك الكهرباء )هيئة كهرباء ومياه دبي، 
منهجية الللفلل السكنية في اإلمارات العربية المتحدة.  اليةث التكلفة اإلجمالمستدامة من حي الحلول
تي اإلنشاء ر الجوانب البيئية واالقتصادية لمرحلاالعتباعين ستأخذ في المتبعة في هذه األطروحة 
المبنى.    من  االستخدام/والتشغيل  تعمر  على  قومحيث  المتبعة  ا  المنهجية  البدائل   لمستدامة تقييم 
بماالمختل و  فة،  التوجيهات  ذلك  للمبنىفي  الهندسي  والتزجيج   الشكل  والسماكة  العزل  ومواد 
للعثور على تصميم المنزل األمثل من حيث التكلفة وذلك والطالء البارد وتظليل النوافذ الخارجية 
 من نموذج المنزل األساسي. 
الحالة لدراسة  فيلتين  اختيار  تصميمهنتم  ان  حيث  النم ي   ،  التصميم  للفيالت تبع  وذجي 
الفيال الثانية تتكون من طابق واحد أرضي ب و الفيال األولى تتكونكومية المحلية في الشارقة. الح
، وأسعار البدائل  ، وجمع البيانات دراسة المرجعيات عتمد منهجية هذه الدراسة على ت .طابقينمن 
. السوق اإلماراتي  في توفرو م ما ه  بناء  على مستدامة سيكونبدائل الالالمقيمة. اختيار  مستدامةال
 من البدائل المختارة  للعثور على استهالك الطاقة السنوي لكل بديل إجراء المحاكاة الديناميكيةسيتم 
برنامج   صح (EnergyPlus)ومحرك    (DesignBuilder)باستخدام  من  التحقق  سيتم   ة ، 
ا، سيتم 2019كامل ) باستخدام فواتير كهرباء حقيقية لمدة عامو تقييمه  النموذج المحاكى (. أخير 
ل  اإلجماية  التكلفة  حتساب إ الحالية"  القيمة  "صافي  االقتصادي  النهج  تكلفة موع  مجباستخدام 
ا والتكلفة األولية لكل بديل. سيتم اعتبار البديل الذي  20الطاقة السنوية لمدة الك هاست أقل له عام 







درهم /  73.59أن زيادة االستثمار األولي بمقدار  الفيال األرضية أظهرت نتائج تحسين 
هو الحل األمثل ، والذي يمكن تحقيقه  2درهم / م  31.52لتقليل تكلفة الطاقة السنوية بمقدار  2م 
سم ، وعزل  7 بُسمك (XPS)ازل للحائط جديد موجه نحو الشمال ، ع  مخطط هندسيمن خالل 
تبلغ  (SHGC)و  كلفن.2وات / م ^  2تبلغ  U، وتزجيج بقيمة  (XPS)سم  8 بُسمكللسقف 
هو زيادة  نالطابقي ذات  فيالل، وطالء بارد للسقف. من ناحية أخرى ، فإن الحل األمثل ل 0.29
درهم / م  7.34اقة السنوية بمقدار لتقليل تكلفة الط 2درهم / م  19.81االستثمار األولي بمقدار 
، عازل (XPS)سم عازل للحائط  15لشمال ، هة نحو امن خالل جعل الواجهة األمامية موج 2
قيمة  (XPS)سم    12للسقف    طبقات ،  SHGC) 0.26)و  كلفن  .2م ^    واط/  1.9، زجاج مع 
 م. 0.1 عرض كل قطعة الواجهات الغربية والجنوبية لتظليل ألومنيوم
تعزيز تطوير تصميم  على الذي تم تقديمه في هذه األطروحة نموذج األمثليساعد اليمكن أن 
نظام   مسكنال بنظام تصنيف محلي مثل  المنهجية  يمكن ربط هذه  ذلك،  إلى  باإلضافة  المستدام. 
للجوانب االقتصادية  تناقض الواقعيةلحل مشاكل ال سعفات )دبي(أو  )أبوظبي( تصنيف استدامة
 هو ازل المستدامة المختلفة. لذلك، األثر المتوقع لهذا البحث ، سيسمح بمقارنة المنوالبيئية. أيض ا
المثاليةتطبيق  تعزيز  الفيالت  تقديم  التجارية والحكومية من خالل  التطبيقات  من   االستدامة في 
 تكلفة دولة اإلمارات العربية المتحدة من حيث المناخ والمع  تتالءم خصيصا   حيث التكلفة و التي
 عادات.الو
، االستدامة، محاكاة الطاقة، نظام تصنيف اإلجمالية تحسين التكلفة: ث الرئيسية مفاهيم البح
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SZHP Sheikh Zayed Housing Program 
UAE United Arab Emirates 
US United States of America 
USGBC U.S. Green Building Council 
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W/S Window to Surface Area Ratio 
WWR Window to Wall Ratio 
XPS Extruded Polystyrene 
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𝑛 Number of Measured Data Points 






Chapter 1: Introduction 
 
1.1 Overview 
The UAE regularly leads the list of countries with the largest environmental 
footprint and the largest electricity consumer (World Bank’s database, 2014). The 
residential sector is the second-highest energy consumer, which consumes about 30% 
of the total electricity consumption in UAE (World Bank’s database, 2014). The rapid 
economic, demographic, and urban growth witnessed in the United Arab Emirates 
(UAE) over the past forty years, has formed a built environment in which the amount 
of construction required to sustain the growth of the country has overridden the energy 
efficiency of construction, which pushed the electricity grid to its limits (Friess & 
Rakhshan, 2017). In accordance, from 2000 to 2009, the residential villa stock has 
increased by more than 300% (Friess et al., 2012).  
A key factor that increases the challenge of energy saving is the hot and arid 
climate of the UAE, which makes the air-conditioning a necessity for maintaining 
appropriate levels of indoor comfort. The result is that about 40% of the annual energy 
consumption and 60% of the summer peak load is caused by the AC systems (AlNaqbi 
et al., 2012). For that this thesis will focus on the cooling strategies, as the cooling 
energy represents the highest portion of the total energy consumption. Another 
significant reason for the high energy consumption is the relatively low cost of 







1.2 Statement of the Problem 
Sustainability awareness has recently increased and has become part of 
national and international agendas and regulations. Environmental, economic, and 
social are the three primary pillars of sustainability. However, it has been found that 
in the buildings' sustainability attention to the environmental dimension is relatively 
high when compared to the economic or social dimensions, that ended up using the 
term 'Sustainable Design’ explaining an 'Environmental design' (Bragança, Mateus, & 
Koukkari, 2010).  
On the other hand, in the construction market, the developers aim to maximize 
profit while keeping initial construction costs low (Abdmouleh et al., 2015). This 
means that the economical factor is their main concern, while the environmental factor 
is almost ignored unless it is imposed by the government. Unlike Dubai and Abu 
Dhabi, in Sharjah there are still no imposed sustainability guidelines. Another reason 
for not paying much attention to the energy-related costs by the developers or owners 
is that the low cost of electricity, which decreases the recognized significance of the 
cost of operating the house over its lifetime. 
For that this thesis aims to balance between the cooling-energy-related costs 
and the initial passive cooling strategies investment cost by finding the optimum 
solutions that lead to the minimum global/total cost. Optimization is basically to find 
the best alternative among various feasible alternatives, where feasible solutions are 
ones that satisfy all the constraints (Arora, 2015). 
Main research question: 








What is the optimization methodology to be used for this study? 
What are the passive cooling solutions that are efficient in the UAE climate? 
What are the market available passive cooling solutions in the UAE? 
1.3 Objectives  
The main objective of this study is to determine the cost-optimum passive cooling 
solutions of residential villas in Sharjah, UAE by a defined optimization methodology. 
The sub-objectives of this thesis are: 
• Explore the reason for the high energy consumption of the baseline models and 
compare the two case study villas. 
• Determining the reduction of energy consumption caused by applying each 
passive alternative. 
• Minimize the global cost of the optimum design by maximizing the energy 
savings of the villa and minimizing the construction and operating costs. 
• Explore the available and commonly used passive cooling strategies in the 
UAE market. 
• Rank the selected passive solutions alternatives based on their total cost. 
• Compare the optimum prototype proposal to the local requirements and 
regulations; to be applicable as a real project. 
• Assessing the impact of early design passive strategies that have no initial cost, 
including geometry and orientation, on the other passive strategies.  
• Understanding the effect of HVAC schedule and occupancy pattern of the villa 
occupants on the annual energy consumption and the optimum solution. 
1.4 Scoop and limitations 
The scoop of this study is focused on the passive cooling solutions that will be 






on the total cost of the annual electricity cost and the initial construction cost. The 
main limitations of the study are: 
• The selected passive strategies are limited to local market availability. 
• The active strategies are out of the scoop of this study, so the baseline active 
systems will be considered a fixed parameter in the energy simulations. 
• The Energy-plus Weather data file used in the dynamic simulation might differ 
from the real weather of the case study, which can create a percentage of error 
in the simulation results.  
• The total cost considers the energy-related costs of the building’s operation 
phase and ignores the other environmental impacts of the building’s full life 
cycle, including the embodied energy and demolition energy.  
• Labor, maintenance, and indirect costs are ignored.  
• The results of the study are subject to change based on the price of electricity, 
predicted future inflation rated, and the initial cost of the materials. 
• DesginBuilder Software limitations. 
1.5 Summary of the thesis chapters 
The following chapter will be a literature review to understand the UAE’s 
housing, and energy consumption, residential building rating systems, the 
methodology and application of the buildings’ cost optimization, passive cooling 
strategies, UAE case studies, and buildings’ energy and economic assessment. Chapter 
3 will be defining the process of followed methodology, which is to select the two case 
study villas, select the passive techniques alternatives based on UAE market 
availability, run the dynamic simulation in DesignBuilder software, and determine the 
optimum passive solutions based on the total cost calculations. The results and 
discussion will be presented in Chapter 4. Finally, Chapter5 will be the conclusion that 






2 Chapter 2: Literature Review 
 
2.1 UAE housing development  
The housing typology and development is the heart of each country, in which 
it reflects the culture, tradition, economy, and history. UAE's historical architecture 
was exposed to a mixture of cultures and nationalities. The buildings were mainly 
reflecting the Arabic style while being inspired by Asian and European methods. The 
historical vernacular architecture approach in UAE was due to a combination of three 
main factors which are the climatic conditions (hot and humid), the culture and religion 
of locals, and the available local building materials (Kay & Zandi, 1991). The housing 
in the UAE showed a huge development throughout the years. The main stages were 
the Bedouin tent, Al Arish, the mud permanent houses, and the modern houses. 
- Bedouin Tents: were woven from goats' hair and camels’ leather as shown in 
Figure 1. Leather was essential to prevent the coldness of the dessert’s nights 
and the extreme heat of the mornings. The tent was practical as most of the 
inhabitants were either fishermen or shepherds and also because of the lack of 
water; they had to move from place to another (Saunders, 1965).  
 
 
Figure 1: Bedouin tent (Beauchamp Fontaine, 2016). 
- Al Arish: are mainly made out of palm-fronds as shown in Figure 2. They were 






using local materials in which wealthier people built their houses from coral 
stone and gypsum, while the other residents used the Arish (palm-fronds) 
(Abed & Hellyer, 2001; Al-Sammani, 2011; Khalaf, 2012). 
 
  
Figure 2: Al Arish (Munneke, 2009). 
- Permanent houses: are made of Gus (mud bricks) or stones (shell-stone or 
coral-stone) as shown in Figure 3 (Hawker, 2001; Kennet, 1992). The houses 
that were built near coastal areas are used in winter, while the ones around 
palm-tree farms were used in summer (Mahgoub, 1999). 
 
Figure 3: Permanent houses (David Sanger Photography, 2009). 
- Modern housing development: are permanent houses made of a concrete 
structure. Part of the new desired elements is the large glass facades when 
compared to the previous typologies. The modern typologies adapted are 
imported from western countries, unlike the traditional houses that adapt the 






most desired housing typology of UAE locals is the ‘Villa’ typology as shown 
in Figure 4.  
 
 
Figure 4: Modern housing in Al Fujairah, UAE (Haza, 2020). 
 
2.2 UAE governmental housing agencies 
UAE government aims to maintain social stability and to assure the availability 
of all basic needs for a dignified life of its citizens. As a result, the UAE government 
has instituted different housing agencies that are available to UAE nationals to satisfy 
their housing needs through a wide variety of housing services including grants and 
loans (Balkir et al., 2006). This is reflected in the extensive development of many 
modern housing units and communities to meet the needs of UAE citizens. Table 1 
includes the main housing agencies in UAE. 
 
Table 1: Main housing agencies in UAE 
Name of the housing agencies  Establishment 
year 
Federal / Local Government  
Sheikh Zayed Housing Program  1999 Federal - headquarter in Dubai 
Mohammed bin Rashid Housing Est. 2007 Local gov.- Dubai 
Sheikh Saud Housing Program   2008 Local gov. - Ras Al Khaimah 
Directorate of Housing - Sharjah 2010 Local gov.- Sharjah (including Khalba, 
Khorfakkan, and Al-Dhaid ) 







All housing agencies in UAE have the same target which is to provide decent 
housing for local families of different economic and social levels, taking into account 
the priority for special cases, such as orphans, elderly people, widows, and people with 
special needs. The housing agencies in UAE are either Federal (for all emirates of 
UAE) or Local (specific to certain Emirate’s government) (Galal, 2013). The first 
agency established in the UAE was the Sheikh Zayed Housing Program (SZHP). 
Following SZHP, other agencies started to form in each emirate. These housing 
agencies are either independent entities or subsidiaries of the municipality or other 
governmental entities. Some of the subsidiary housing agencies had become an 
independent entity, such as; Sharjah Directorate of housing (used to be part of the 
Ministry of Public Works). On the other hand, some agencies stayed subsidiary, like 
Sheikh Saud Housing Program (subsidiary to Ras Al Khaimah Municipality). 
2.3 UAE energy consumption  
Carbon emissions comprise approximately 74% of the UAE's ecological 
footprint and are a result of energy generation and emissions brought about by the 
burning of fossil fuels and the operation of inefficient buildings in the country. 
According to data and analysis published in 2014, the UAE has an ecological footprint 
of 9.75 global hectares (GHA) per person, which is the third-highest ecological 
footprint in the world (Global Footprint Network, 2014). 
The rapid economic and demographic growth of the UAE pushed the electricity 
grid to its limits. This is clearly reflected in the primary energy and electricity 
consumption as shown in Figure 5. Since 2000, UAE has the highest rates of per capita 
energy consumption in the world. The electricity is the major form of energy in the 






approximately 11,264 kWh/capita; making the UAE the 11th world largest consumer 
of electricity (World Bank’s database, 2014). As a result, the local government 
promoted strategies and regulations that engaged different sectors of the country to 
minimize energy consumption and carbon emissions of their buildings. According to 
Abu Dhabi Distribution Company and Al Ain Distribution Company (2017) as well as 
the Statista Research Department (2020), the residential/domestic sector is the second 
highest electricity consumer in Abu Dhabi and Dubai, in which it consumes between 
25-30% of the total electricity consumption as shown in Figure 6 (Statista Research 
Department, 2020; Statistics center, 2017). 
 
 
Figure 5: Fuel consumption in Abu Dhabi (Statistics center, 2017).  
 
 
Figure 6: The electricity consumption (in gigawatt hours) in Dubai by sector in 2019 


























2.4 Residential buildings rating systems 
Two local and two international Green Buildings Rating Systems (GBRSs) will 
be briefly reviewed, which are Sa’fat, Estidama, Leadership in Energy and 
Environmental Design (LEED), and Building Research Establishment Environmental 
Assessment Method (BREEAM). 
Sa’fat is a recent green building rating system that is derived from the Dubai 
Green Building Regulation and Specifications (DGBRS). DGBRS was issued in 2010 
and, initially, was applicable as a mandatory requirement for the construction of new 
government buildings. In 2016, the regulation was re-issued as Sa’fat 
(Dubai.Mubicipality, 2016). 
Estidama is a green initiative in Abu Dhabi that was issued in 2008 and was 
the first tailored middle GBRSs. It aims to transform Abu Dhabi into a model of 
sustainable urbanization by creating more sustainable communities, cities, and global 
enterprises and by balancing the four pillars of Estidama: environmental, economic, 
cultural, and social. One of Estidama’s key initiatives is the Pearl Building Rating 
System (PBRS). The pearl rating is based on credits. The Estidama code that targets 
the research focus is the 'Villa pearl rating system' (Abu Dhabi Urban Planning 
Council, 2010). 
LEED is an international GBRS developed by the U.S. Green Building Council 
(USGBC). It aims to create a healthy, highly efficient, and cost-saving green buildings. 
LEED certification is a globally recognized symbol of sustainability achievement. It 






LEED version that targets the research focus is the 'LEED v4 for Homes design and 
construction' (USGBC, 2013). 
BREEAM is a set of standards developed by the Building Research 
Establishment (BRE). It is the longest established method of rating, certifying, and 
assessing the sustainability of buildings in the world. The BREEAM code that targets 
the research focus is the 'The Code for Sustainable Homes,' which is an environmental 
assessment method for rating and certifying the performance of new homes 
(Communities and Local Government, 2010).  
All the GBRSs have the same target, but each system has addressed 
sustainability and scored the sections differently. Table 2 summarizes the sections of 
each system to be able to compare the focus of each, in which each color tone reflects 
the similar sections of the rating systems. 
 
Table 2: Sections of the four GBRSs 




Ecology & Planning Sustainable Sites Energy and CO2 
emission 
Natural Systems Building Vitality Water Efficiency Water 
Livable Villas Energy Energy andAtmosphere Materials 
Precious Water Water Materials and 
Resources 
Surface Water Run-off 
Resourceful Energy Materials &Waste Indoor Environmental 
Quality. 
Waste 
Stewarding Materials  Innovation Pollution 
Innovating Practice  Regional priority Health and wellbeing  
  Location and 
transportation/ 
Management  
   Ecology 
It is rated by ‘pearl’ 
rating levels, one to 
five pearls based on the 
achieved number of 
credit points. One pearl 
is achieved by 
achieving all 
mandatory credits.  
In addition to the 
general requirements, 
there is Bronze Sa'fa, 
Silver Sa'fa, and Gold 
Sa'fa. 
It has four levels of 
certification base on 
achieved points, which 
are the Certified, 
Silver, Gold, and 
Platinum. 
Each section has a 
weighting. The overall 
score is a rating on a 
scale of 100. The 
certification levels are 








As the focus of this research is the passive strategies, the numerical envelope 
parameters of Estidama, Sa’fat, and LEED were compared in Table 3 and  
Table 4. BREEAM (The Code for Sustainable Homes) stated that the fabric 
energy efficiency should be ≤60 kWh/m2/year to ≤38 kWh/m2/year. For LEED, it is 
required to follow ENERGY STAR for Homes-version 3 (Energy Star, 2013) in which 
the International Energy Conservation Code (IECC) was referenced (International 
code council, 2009). 
 
Table 3: Envelop thermal transmittance (U-value) in W/m2K 
 Estidama- Abu Dhabi Sa’fat -Dubai LEED-USA 
External wall 0.32 • 0.57 (Bronze and Silver Sa’fa) 
• 0.42 (Gold Sa’fa)  
0.47 
Roof 0.14 0.3 0.2 
Floor 0.15 - 0.36 
 
Table 4: Window properties 
 Estidama- Abu Dhabi Sa’fat -Dubai LEED-USA 
U value (max) 
(W/𝐦𝟐.K) 
• 2.2  • 2.1 (if the window to wall ratio 
(WWR) is 40% or less). 





• 0.4 • 0.4 (if the WWR is 40% or less). 
• 0.32 (if the WWR is 40% to 
60%). 






- • 0.25 (if the window to wall ratio 
(WWR) is 40% or less). 






• area less than 15% of 
the conditioned floor 
area 
• 50% of windows within 150 
degrees from east to north-west 
- 






2.5 Buildings' cost and energy optimization 
Optimization is to figure out the best alternative from a group of different 
feasible alternatives, in which the feasible solutions are ones that satisfy all the 
constraints (Arora, 2015). Narrowing it down to the sustainable architecture field, the 
best design is the one that has the best set of applicable performances, which means 
that the energy-efficiency is not the only goal. In fact, ''the most energy-efficient 
solution is no building'' (Gero et al., 1983). As a result, the energy performance and 
other objectives of the building design including the cost have to be ideally considered 
in the optimization process. 
Many leading examples of the highly efficient buildings and Net-Zero Energy 
Buildings (NZEB) were found to be not cost-efficient and have a high initial cost. This 
fact is the main reason why they were not highly implemented in the construction 
market (Ferrara et al., 2018).  
For that cost-optimal analysis was studied by different researchers to bridge 
the gap between energy and economic affordability by investigating the trade-off 
between the buildings' environmental and economic aspects (Vasconcelos et al., 2016). 
2.5.1 The cost optimization methodology 
According to the review study conducted by Ferrara et al. (2018), the cost-
optimal analysis has a multi-step methodology as shown in Figure 7. 
 
 
Figure 7: The multi-step methodology for cost optimization applications  





















- The reference Buildings (RBs) should be defined, which represent and reflect the 
local building typology and national standards. 
- Energy Efficiency Measures (EEMs) should be selected and assessed for the RBs, 
a building element, or the building as a whole. The measures defined can include 
the building envelope, system solutions, and renewable energy sources. The EEMs 
had to be functionally, technically, and economically feasible. Additionally, they 
should influence the primary energy use of a building. The analyzed EEMs need 
at least to meet the minimum performance requirements.  
- The energy performance assessment for heating and cooling should be assessed 
according to the national standards. 
- The economic assessment is mostly performed using the Net Present Value (NPV) 
approach. It includes all energy-related lifecycle costs (not only the investment 
cost). The global cost considers only energy-related costs and environmental 
impacts. For that, the concept of global cost is different than the full life cycle 
assessment. 
- Finally, the results are represented in total cost (energy and the strategy material 
and installation cost) graphs as shown in Figure 8, in which the cost-optimal level 








Figure 8: Energy and cost curve of various solutions (Boermans et al., 2011).  
 
 
Figure 9: NEEB, cost-optimal level, and the actual requirement represented in the 
cost-optimal graphs (Ferrara et al., 2018). 
 
The researches that studied the building cost optimization varied according to 
the building typology (the reference case study) and the methodology approach 






The building typologies can be a single-family house (Hamdy et al., 2013; 
Kapsalaki et al., 2012; Kurnitski et al., 2011; Nguyen & Reiter, 2014; Tronchin et al., 
2014), a residential building (Ergo Pikas et al., 2015), office building (E Pikas et al., 
2014), retail/mall (Haase et al., 2015), and school (Stocker et al., 2015). 
While for the methodological approaches, the main differences in the analyzed 
work methodology were in the selection of energy measures and the energy 
assessment. Two main approaches to select energy measures. One is the Manual 
Selection (MS) approach, which means selecting a limited number of EEMs packages 
as well as calculating and comparing the Global Cost (GC) values. The other approach 
is the Automated Selection (AS) that is based on defined optimization algorithms with 
the help of computer engines, such as GenOpt and MATLAB, that allow analyzing a 
wide range of alternatives. 
In the energy performance assessment, two approaches were found which are 
the Simplified Energy Assessment (SEA) method and the Dynamic Simulation (DS) 
method. The literature review showed that when the SEA method was adapted, the 
authors used commercial tools that are compliant with the national or international 
regulations/ standards, or they developed their own calculation tool for energy 
performance assessment. The other approach is the DS method that allows having 
more detailed and precise hourly calculations of outdoor and indoor temperatures and 
energy consumptions. The most used DS tools are EnergyPlus, IDA Indoor Climate 
and Energy (IDA ICE), and TRNSYS. Various combinations of the previous methods 
were used in the optimization researches, which can be classified into four groups 







Table 5: Comparison of the four cost optimization classification groups 
 Advantages  Disadvantages Exemplifying 
References  








(Tronchin et al., 2014) 
MS and DS -Detailed analysis of the 
selected alternatives. 
-Accurate and validated 
assessment 
of energy performance. 
- Not time-consuming. 
-A limited number of 
design alternatives. 
(Kurnitski et al., 2011) 
 
AS and SEA -A great number of 
packages of EEMs. 
-the computational time 
for energy performance 
assessment is reduced. 
- inaccurate energy 
assessment 
-less control over the 
selected combinations of 
EEMs. 
(Kapsalaki et al., 2012) 
 




-High computational time. 
 
(Hamdy et al., 2013; 
Nguyen & Reiter, 
2014). 
 
2.5.2 The cost optimization literature application 
A NZE house in Finland has been optimized where the tradeoff between the 
economic and energy factors showed that the cost-optimal level of the primary energy 
consumption is between 93 and ≤103 kWh/m2 (Hamdy et al., 2013). A different study 
applied to an office building in Estonian mainly considered the optimization of the 
fenestration and facade design solutions in specific, found that the optimum solution 
is having triple glazed argon filled windows, a small Window to Wall Ratio (WWR), 
and 20 cm insulation thickness (Pikas et al., 2014). Another research studied the 
additional cost which could be invested to increase the exterior envelope efficiency of 






respect to the existing will result in the cost-optimal energy level that is 110 kWh/m2 
while increasing it by 4% to 7% will give solutions that are close from being a NZEB 
(Ergo Pikas et al., 2015). A Study carried out in five cities in Turkey on residential 
buildings studied the ideal configuration of six aspect ratios & eight south window 
sizes, results were indicating that 25% is the ideal south window size for cities with a 
hot climate, and a maximum of 1:2 elongation in east-west axis, wherein cities with 
cooler climate the ideal south window size is marked as the biggest and most compact 
possible form with an aspect ratio of 1:1.2 (Inanici & Demirbilek, 2000). 
2.6 Passive cooling strategies 
Good design practices along with the selection of sustainable building 
technologies lead to achieving high energy-efficient buildings (Todesco, 1996). The 
key action of minimizing the energy consumption of a building is by applying the best 
passive strategies that suit the climate (Aksoy & Inalli, 2006; Oral & Yilmaz, 2003; 
Rodriguez-ubinas et al., 2014).  
As shown in Figure 10, different passive strategies have been developed, which 
are mainly classified under heating, cooling, natural ventilation, and daylighting. The 
focus of this study is the passive cooling strategies. Various types of passive cooling 
strategies can be suggested to be used in hot and arid climates such as the UAE (Taleb, 
2014). The potential energy saving of optimized passive techniques, that minimizes 
the heating and cooling loads, is usually more effective than the use of the active 







Figure 10: Summary of the main passive strategies. 
 
2.6.1 Climate analysis  
The geographic location of the United Arab Emirates stands right between 
latitudes 22.0º and 26.5º N and 51º and 56.5º E. Covering over 83,000 km2 which relies 
on a coastline of almost 700 kilometers long. UAE shares borders with its neighboring 
countries; Qatar, Saudi Arabia, & Oman from its three directions West, South, East 
respectively. Whereas approximately 80% of its land area is desert (Kaili et al., 2014). 






























































variations in temperature and humidity because they vary in location and elevation 




Figure 11: Mean temperature (a) and relative humidy (b) of three cities of UAE 
(Radhi, 2010). 
 
The UAE climate is categorized as hyper-arid, with low precipitation rates 
(B¨oer, 1997). Summer season temperatures in UAE may reach between 48oC and 
50oC with respect to their coastal distance, whereas humidity levels can have a higher 








December and February. Leaving a transition period of two months (March & April) 
to join with summer which extends till November. The weather of October and 
November is generally sunny and dry (Radhi, 2009). 
According to Taleb (2014), UAE weather furthermore can be grouped into 
three categories based on the temperature graphs: 
a. Summer- June to September: Hottest months with average temperatures 
crossing the comfort zone. 
b. Winter- November to March: The daily temperatures of theses months vary a 
lot, but generally they are close to the comfort zone.  
c. Transitional -April, May, and October: The average temperatures are within 
the comfort zone. 
According to Al-Shaali (Al-shaali, 2013), five basic bioclimatic charts are 
needed and can be used to graphically identify the possible application of each strategy 
for a certain climatic. These charts are Temperature Range, Timetable Plot, Dry Bulb 
X Dew Point, psychometric Chart, and Wind Rose/Wheel (Al-shaali, 2013).  
The following charts are conducted using Climate Consultant 6.0 software 
using the American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) Handbook of Fundamentals 2005 comfort model. Abu Dhabi weather data 
were used. 
As shown in Figure 12 a, b, and c, UAE is generally having a hot climate 
throughout the year, specifically during day time. The peak temperatures are reached 
between 11:00 and 16:00 in which the sun resides between southeast and southwest. 
Alternatively, nighttime is considered cooler in temperatures, especially during the 
winter season reaching chilly temperatures. Figure 12 d represents the humidity levels 






in wind velocity. Noting that the North-west side gets greater wind speeds compared 
to other sides, hence being considered the most attractive side to experience wind 
(Taleb, 2014). The Psychrometric chart in Figure 12 g shows the design strategies 
possibilities that can be applied to attain the comfort zone. 
In brief, it is deduced that the external outdoor temperature level requires 
cooling and lakes the requirement of heating throughout the year. Moreover, air 
conditioning consumption in the UAE reaches up to 60% of the peak load (Dubey, 
2016). For that, great attention must be paid to minimize the heat as well as radiation 
gains (Mitterer et al., 2012).  
 
 
Figure 12: Climate consultant graphs. a) Temperature range. b) Sun chart.  c) Dry 
bulb temperature- timetable plot. d) Dry bulb and RH for each month. e) Wind 









Figure 12: Climate consultant graphs. a) Temperature range. b) Sun chart.  c) Dry 
bulb temperature- timetable plot. d) Dry bulb and RH for each month. e) Wind 










Figure 12: Climate consultant graphs. a) Temperature range. b) Sun chart.  c)Dry 
bulb temperature- timetable plot. d)Dry bulb and RH for each month. e) Wind 










Figure 12: Climate consultant graphs. a) Temperature range. b) Sun chart.  c) Dry 
bulb temperature- timetable plot. d) Dry bulb and RH for each month. e) Wind 








2.6.2 Passive envelope 
Building envelope characteristics are major passive strategies that various 
studies had focused on. This section will present a literature review of the passive 
envelope applications, including the thermal insulation for buildings, as well as the 
determination of the optimum economic solutions. The results and conclusions of the 
literature studies varied based on the requirements of the cooling, heating, or both, 
which are affected by the climatic conditions of the study location. Varied climates 
were reviewed in this section, including the UAE climate.  
Buildings’ thermal performance is basically a function of three parameters; 
building’s micro-climate environment, the indoor thermal comfort requirements, and 
the building’s physics including building skin that can enormously impact the energy 
performance. Building envelope is either opaque, transparent, or a combination of both 
affecting the energy consumption in terms of lighting and heating/ cooling load.  To 
achieve building skin passive design, three main factors are considered effective; 
shape, orientation, and thermo-physical properties which determine the thermal energy 
exchange between building indoors and outdoors. For the opaque building surfaces 
including the walls and roof, the thermal transmittance (U-value) has the largest impact 
among other properties as thermal lag, absorptance, thermal energy storage capacity. 
As for windows, other important parameters should be considered including solar heat 
gain coefficient (SHGC), visible transmittance (VT), shading characteristics, and 
effective aperture. Also, the transparent surfaces of the building skin have an essential 







Up to 30% of the total cooling load in buildings are caused by heat loss (Al-
sallal et al., 2013; Radhi, 2011). Thus, building insulation improvement represents a 
crucial factor to achieve higher energetic efficiency (Ghrab-Morcos, 2005; Y. Wang 
et al., 2007). Therefore, determining the building’s envelope thermal insulation 
material type and economic thickness are the main subjects of many engineering 
investigations. 
The thermal insulation economic thickness contains the insulation system’s 
initial cost in addition to the ongoing value of energy savings over the insulation’s 
expected service lifetime. The optimum economic thickness represents the minimum 
total life-cycle cost, as illustrated in Figure 13. The thickness considers several factors 
as; building type, function, shape, orientation, construction materials, climatic 
conditions, insulation material and cost, energy type and cost, and the type and air-
conditioning systems efficiency (Al-Homoud, 2005; Yu et al., 2009). It is worth 
mentioning that the insulation thickness in the wall is reversely proportional to the heat 
transmission from and into the building. 
 
 






Thermal insulation for heating load studies 
Kaynakli (2008) has studied a prototype building in Bursa, Turkey to define 
the residential heating energy requirements that vary according to architectural 
properties as; air inflation rate, glazing type, and glazing area, and optimum insulation 
thicknesses with different fuel types. Kaynakli (2008) has found out that the optimum 
insulation thickness in Bursa varies between 0.053 and 0.124 m depending on the 
heating fuel type ( Kaynakli, 2008). Bolatturk (2008) analyzed for seven cities located 
in the warmest zone in Turkey based on heating and cooling degree-hours (HDHs and 
CDHs) to highlight the optimum insulation thicknesses and payback periods. He 
emphasized that optimizing the insulation thickness with respect to the cooling load 
was more appropriate for warm regions compared to the cold ones since the insulation 
material (polystyrene) thickness varied between 0.032 and 0.038 m for cooling degree-
hours and between 0.016 and 0.027 m for heating degree-hours (Bolattürk, 2008). 
Comakli and Yuksel (2003) have determined the optimum insulation thicknesses for 
Kars, Erzurum, and Erzincan in the cold region of Turkey to be 0.107, 0.104, and 0.085 
m, respectively, when buildings were heated by coal (Comaklı & Yuksel, 2003). 
Another study was conducted by Al-Khawaja (2004) in Qatar considering external 
wall orientations comparing the total costs of three different insulation materials 
including wall-mate, fiberglass, and polyethylene foam for light-colored and deep-
colored surfaces where the sol-air temperature was used instead of air temperature (Al-
Khawaja, 2004). Another study in Tehran, Iran found that the use of 0.025 m thick 
insulation in external walls would reduce energy consumption by 45% approximately 







Thermal insulation for cooling load studies 
The effect of insulation on cooling energy requirements for space was 
investigated by several scholars as Aktacir et al. (2010) , Bojic et al. (2002), Bojic, et 
al. (2001), Cheung et al. (2005), and Friess et al. (2012). A study on a residential villa 
in Dubai showed a reduction in energy consumption down to 26.8% for 50 mm 
insulation that when increased to 160 mm had resulted in a 7.4% further reduction 
(Friess et al., 2012). Afshari et al. (2014) have reported a 2.6% annual cooling load 
reduction in a fifteen-story mixed-use building in Abu Dhabi by adding 80 mm of EPS 
decreasing the U-value from 1.71 W/m2 K to a U-value of 0.324 W/m2 K while 
examining the effect of increasing opaque partition insulation. The low reduction was 
clarified by the scholar as the building had a small opaque partition external area 
relatively where the WWR was 70. Al-Sanea et al. (2005) used two different models; 
a dynamic heat-transfer model based on a finite-volume, and an economic model based 
on a life-cycle cost (LCC) analysis. They investigated the optimum insulation 
thicknesses in Riyadh, Saudi Arabia defining expanded polystyrene as insulation 
material (Sami A. Al-Sanea et al., 2005). Bojic et al. (2001) analyzed two typical high-
rise residential flats in Hong Kong to capture the influence of the insulation layer 
location within the external walls on the annual cooling load. They recorded a decrease 
of 6.8% annual cooling load with a 0.05 m thick insulation layer located inside the 
exterior walls. However, the reduction percentage depended on the studied flats (Bojic 
et al., 2001). A study by Cheung et al. (2005) focused on the effect of high-rise building 
envelope design parameters such as glazing system and area, exterior walls color, 
insulation (thickness and position), and shading coefficient on annual cooling load 
demand and the peak cooling load. They concluded that the mentioned parameters can 






(Cheung et al., 2005). Another study was conducted in Turkey’s hot region, 
specifically in Adana, three buildings with different insulation types were considered. 
The Air Conditioning (AC) systems initial and the operating costs were discussed 
where the AC initial and operating costs were reduced by 22% and 25% to 33%, 
respectively compared to the non-insulated building (Aktacir et al., 2010). Two AC 
systems were compared against LCC analyses by Aktacir, Büyükalaca, and Yilmaz 
(2006). Jaber (2002) emphasized that 61% of residential energy consumption in Jordan 
was accounted for by the space heating using Kerosene and Liquefied Petroleum Gas 
(LPG) were the popular domestic fuels. He highlighted the average heating demand 
variation in the presence and absence of exterior wall insulation such as a cavity, rock 
wool, and polystyrene during winter months (Jaber, 2002).   
Thermal insulation materials 
Thermal conductivity is the value to look at to determine the performance of 
insulation materials. It mainly depends on the density, moisture content, porosity, 
porosity, and means temperature difference of the material. Due to outdoor air 
temperature and solar radiation continuous variance, thermal insulation materials in 
buildings are usually exposed to significant and continuous temperature differences. 
Therefore, the insulation material thermal conductivity varies according to the changes 
in both temperature and moisture content (Kaynakli, 2012). Abdou and Budaiwi 
(2005) have focused on the relationship between the temperature and the thermal 
conductivity of insulation materials including fiberglass, wood wool, mineral wool, 
rock wool, polyethylene, polyurethane, and polystyrene concluding that thermal 
conductivity differs with operating temperature for all materials considered in the 
study and that higher temperature gradient led to higher thermal conductivity. The 






polystyrene where polyethylene and wood wool had much greater rates (Abdou & 
Budaiwi, 2005). 
Yu et al. (2009) went further in their study and considered five insulation 
materials to calculate the optimum thicknesses including expanded and extruded 
polystyrene, foamed polyurethane, perlite, and foamed polyvinyl chloride-based on 
heating degree-days (HDDs) and cooling degree-days (CDDs) for a typical residential 
wall in China. Also, they considered the wall orientation and surface color. The study 
proofed that the optimum insulation thicknesses varied widely among the five 
materials where the most economical was defined to be expanded polystyrene since it 
had the highest life-cycle savings and the shortest payback period (Yu et al., 2009). 
Mahlia, Taufiq, Ismail, and Masjuki (2007) suggested a polynomial function 
representing the relationship between thermal conductivity and insulation material 
optimum thickness including fiberglass–urethane, fiberglass-rigid, urethane-rigid, 
perlite, extruded polystyrene, and urethane-roof deck. The thermal materials varied 
widely between 0.02 and 0.055 W/mK (Mahlia et al., 2007). Anastaselos, Giama, and 
Papadopoulos (2009) presented a thermal insulation solution assessment tool in terms 
of energy, economic, and environmental evaluation. A double cavity wall and external 
insulation composite system were assessed highlighting that the external insulation 
composite system had better performance according to the suggested tool (Anastaselos 
et al., 2009). In UAE, Radhi (2011) has assessed the impact of Autoclaved Aerated 
Concrete (AAC) blocks usage as a wall insulation material on the energy performance 
in the country’s residential buildings among five different insulation systems. The 
study revealed that using AAC blocks can decrease energy consumption by 7% saving 
up to 350 kg of CO2/m
2 (Radhi, 2011). An experimental study was carried out in Spain 






country’s buildings defined as; polyurethane, polystyrene, and mineral wool. Four 
house-like cubicles were constructed for the study where each had the dimensions of 
2.4 m × 2.4 m × 2.4 m. They found that applying a layer of 0.05 m insulation leads to 
a 64% reduction of AC electrical energy consumption in summer and a 37% decrease 
in electric oil radiators in winter. Furthermore, the study emphasized that the lowest 
energy consumption was achieved with polyurethane insulation, followed by mineral 
wool that was 5% higher and the polystyrene which consumed 9% more energy 
(Cabeza et al., 2010). 
Glazing: 
Radhi, Sharples, and Fikiry (2013) analyzed the impact of multiple façades 
systems on the overall energy consumption of fully glazed buildings. They studied the 
airflow between the facades through modeling the architectural engineering building 
at UAE University. The study showed that there was an energy consumption difference 
of 17% to 20% comparing a single façade and a double façade system on a sunny day 
(Radhi et al., 2013). Friess et al. (2012) discussed the improved fenestration impact on 
the overall energy consumption in the context of envelope insulation specific work in 
a single-family villa in UAE. They defined the window area to be 21%, sliding 
windows with thermal control double pane glass of 24 mm, 1.8 W/m2K U-value, 0.37 
SHGC, and visible transmission of 41%. Replacing the glazing with highly reflective, 
low-emissivity triple glazing proofed a higher energetic performance of 4.6% 
compared to the base case (Friess et al., 2012). A study on optimization based on Life-
Cycle Cost (LCC) analysis was conducted by Arici and Karabay (2010) in Turkey. 
They investigated the double-glazed windows optimum thickness in four cities in 






Ardahan. The study showed that the optimum air layer thickness varied between 
approximately 12 and 15 mm depending on the climate zone and the fuel type as 
natural gas, coal, fuel oil, electricity, or LPG. The study also claimed that well-
optimized double-glazed window can save up to 60% energy (Arici & Karabay, 2010). 
Similarly, Aydin (2000) focused on defining the double-paned windows air layer 
optimum thickness in four different cities among different climates in Turkey 
considering Antalya, Ankara, Trabzon and Kars. Based on the simulation results, the 
range of the optimum thickness was found to be 12–15 mm in Kars, 15–18 mm in 
Ankara and Trabzon, and 18–21 mm in Antalya. Moreover, it was claimed that the 
optimum values would obtain 40%, 34% 29% and 21% energy reductions in Antalya, 
Trabzon, Ankara, and Kars respectively (Aydin, 2000). In the UAE, energy savings 
would achieve up to 55% in a highly glazed office building by selecting appropriate 
glazing type and orientation (Friess & Rakhshan, 2017).  
2.6.3 Geometric ratios and configurations  
The envelope geometrical shape/layout determines the size of the heat 
exchange surface which represents its role in the building's energy consumption. The 
ratio of the building geometry shed lights on the building elements’ proportion and the 
relationship as in the aspect ratio represented by width per length, the compactness 
ratio calculated as envelope area overbuilding volume, and the shape factor showed by 
the envelope area divided by conditioned floor area (Aksoy & Inalli, 2006). Several 
scholars have analyzed the building shape optimization to minimize energy use and 
cost including Jedrzejuk and Marks (Jedrzejuk & Marks, 2002), Ourghi, Al-Anzi, and 






Al-Sallal et al. (2013), in his comprehensive design study of a sustainable 
house in Abu Dhabi desert, compared the energetic performance of two houses where 
the first contains a courtyard and the second takes the typical square form. The 
performance of the courtyard house decreased the cooling, fan, and equipment energy 
by 4%, 2%, and 21% respectively saving 8% of the total electric energy highlighting 
that the shape was the only variable where other were kept the same through the study 
(Al-sallal et al., 2013). Ourghi et al. (2007) presented a simplified analysis method to 
anticipate an office building shape impact on its total energy use and annual cooling 
energy. He considered the following parameters during the analysis; building 
geometry, glazing type, glazing area, and climate. These studies proved the strong 
correlation between the building shape and its energy consumption (Ourghi et al., 
2007). Another study was conducted by Rodrigues et al. (2017) comparing four 
architectural shape representations for the task of unsupervised clustering. Three of 
them were the Point Distance, Turning Function, and Grid-Based model approaches, 
which were taken based on known descriptors. The fourth proposed representation was 
Tangent Distance which calculates the distances from the contour’s tangents to the 
shape’s geometric center. The Tangent Distance descriptor with 0.873 Rand index of 
0.873 provided the best results compared to a reference clustering where the Grid-
Based descriptor presented the worst (Rodrigues et al., 2017). 
The aspect ratio of a building is one of the most important factors in terms of 
energy efficiency. It defines the building surface area that is mainly responsible for the 
heat exchange between the indoor and outdoor environments. Besides, it defines the 
building area that is subjected to solar gain. The criteria to make this beneficial or 
detrimental depends on the climate and aspect ratio (McKeen & Fung, 2014). A study 






among six different residential building aspect ratios and eight different south window 
sizes considering annual energy consumption using SUNCODE-PC as a thermal 
analysis program (Inanici & Demirbilek, 2000). Another study was conducted in 
Canada by McKeen and Fung (2014) where the energy consumption of varying aspect 
ratio was examined in multi-unit residential buildings. Taking a building of a less 
efficient aspect ratio as a baseline, over 15% of energy consumption reduction is 
possible in many scenarios (McKeen & Fung, 2014).  
The WWR is the ratio of the glazing area to the wall area in a building facade. 
The target of the WWR is to reduce solar heat gains and improve heating, cooling, 
daylighting, and ventilation performance. The WWR is measured on a scale from 0% 
to 100% or falls between 0 and 1 for no windows to full windows respectively. A 
common rule of thumb defines the optimal WWR to be around 40% or less in terms 
of energy performance for both hot and cold climates. WWR that is up to 90% can be 
suitable for cold climates only if the windows are well insulated. Similar WWR can 
be accepted in hot climates when windows are well shaded (Valladares-Rendón et al., 
2017). Leskovar and Premrov (2011) have investigated the impact of WWR, wall U-
value, and the main cardinal directions of a two-story house of timber on heating and 
cooling annual consumption for a specific climate. The results showed that the worst 
impact of increasing WWR can be noticed in the south orientation where heat gain at 
0.79 WWR consumes 50% more energy compared to zero WWR. The heating and 
cooling demand summation were shown as a function of the wall U-value for the 
minimum, mean, and maximum WWR values. For each WWR, the heating and 
cooling demand summation have presented almost a straight line representing a 
directly proportional relation as the wall U-value increase causes a rise of the heating 






equations enabling the designer to anticipate many variations by using the data directly 
or interpolation (Leskovar & Premrov, 2011). Goia, Haase, and Perino (2013) have 
conducted a study in a temperate oceanic climate analyzing different cases of single 
skin façade office to find the WWR varying between 20% and 80% which minimizes 
the annual energy required by heating, cooling, and lighting. The considered cases had 
different building geometries and HVAC systems efficiencies. Regardless of the 
orientation, the optimal WWR was found to be 35–45%. The non-optimal WWR 
which increased the total energy up to 11% approximately was toward the north 
orientation reporting the highest negative impact (Goia et al., 2013). 
Building Orientation (BO) is the building configuration on the horizon plane 
or the Azimuth (AZM) angles between 0o and 360o of the sun’s path. The main aim of 
setting a proper BO is to avoid summer’s insolation impacts and to capture winter’s 
daylighting. This approach is very clear in rectangular buildings (Valladares-Rendón 
et al., 2017). BO determines the direct solar radiation receiving areas and those that 
are affected by the natural wind. Therefore, BO has a crucial role to define optimal use 
or protection from solar radiation and wind (Rodriguez-ubinas et al., 2014). A review 
on UAE passive envelope measures highlighted the building orientation and thermal 
insulation as factors which may save around 20% of the annual energy consumption 
in the residential context while using the appropriate type of glazing and orientation in 
highly glazed office buildings may decrease the annual consumption by 55% (Friess 
& Rakhshan, 2017). In a different study conducted by Aboul-naga, Al-sallal, and 
Diasty (2000) in Al Ain, UAE, the effect of urban patterns, orientation, and window 
to surface area ratio (w/s) on building energy consumption was investigated by 
comparing four similar two-story residential buildings where each has a different 






elevations and w/s limitation to be around 1:6 (Aboul-naga et al., 2000). Energy load 
demand was accomplished in a residential house in a suburban area of Kuwait City 
through proper BO, shape, glazing, buffer zones, and shadings application. Al-Anzi 
and Khattab (2010) observed that the existing house which has a large glazing area in 
SE and SW directions demanded higher cooling loads during peak months compared 
to a new house. To minimize the solar heat gains, a hexagonal case was created with 
large facades orientated to the N-S. Moreover, the case had over-hangs toward the N 
glazing, blinds toward the S glazing, and buffer zones in the E and W facades. The 
created case was accomplished kWh/m2 (43%) cooling load reduction in August (Al-
Anzi & Khattab, 2010). Similarly, in an institutional building located in the urban area 
of Ibadan, Nigeria, Odunfa, Ojo, Odunfa, and Ohunakin (2015) investigated the effect 
of proper BO and its impact on energy demands. They stated that solar heat gains were 
raised due to E and W facades fenestration mainly. Changing the orientation of the 
larger facades to N and S caused an annual load reduction of  7.96 kWh (4.87%) 
(Odunfa et al., 2015). Another rectangular building located in Bohyen district, Ghana 
showed that orienting the larger facades to 270o AZM angle caused an increase of 
energy capacity and solar insolation contradicting with the AZM angles of 0o, 360o, or 
180o where the annual cooling loads were decreased by 1.57 kWh/m2 (16.02%) 
(Koranteng & Abaitey, 2011). 
2.6.4 Shading devices  
Shading devices (SDs) are significantly used to block the impacts of insolation 
as they are practical and low maintenance elements. The goal of SDs is to maximize 
the shading ratio, especially on windows. SDs have an important role in lowering 






design enhances the space daylight in winter and prevents overheating in summer 
(Valladares-Rendón et al., 2017). In general, internal SDs have lower performance 
than external ones (Atzeri et al., 2014) while fixed SDs represent an economical 
solution as they do not require manual adjustments (Al-Tamimi & Fadzil, 2011; 
Freewan, 2014). External SDs have several types and forms where some are shown in 
Figure 14.  
 
 
Figure 14: Schematic sections in 2D and 3D views of external SDs, simple designs a) 
to f) and complex designs g) to l): a) Horizontal overhang or panel, b) Horizontal 
louvers or outrigger system, c) Vertical outer panel, d) Horizontal light shelve, e) 
Horizontal multiple blades or panels, f) Unfilled egg-crate, g) Filled egg-crate with 
panels, h) Filled egg-crate with horizontal louver, i) Vertical slanted fins or panels, j) 
Horizontal panel and vertical louvers, k) Vertical panels and horizontal louvers, l) 







In recent years, computational software has been combined with traditional 
methods and sun path diagrams to create suitable accurate tools for SDs sizing and 
shaping (Marsh, 2003). A study was conducted for an office building in Abu Dhabi, 
UAE investigated the impact of external dynamic louvers on energy consumption. The 
light dimming strategy was proposed as a dynamic louvers system that saved energy 
of 34.02% in south orientation, 28.57% in east orientation, and 30.31% in the west. 
The study revealed the facade’s optimal static angle to be −20o for the southern facade 
and 20o for the east and west orientations. Fixing the angles at these values saves 
energy slightly less than dynamic facades (Hammad & Abu-Hijleh, 2010). The 
concept of insolation level reductions to decrease energy consumption has succeeded 
also in Taipei, Taiwan. Valladares-Rendón and Lo (2014) reported that SDs limited 
the insolation level on the whole building’s envelope and increased the shading ratio 
outside at the same time. The study highlighted that the use of such devices slows 
down the heat exchange between indoor and outdoor which reduces the cooling loads. 
A bare building thermal performance of the floor was compared with the one using 
SDs. The comparison showed the most effective system in terms of annual cooling 
loads reduction in a rectangular building was accomplished through applying 
horizontal overhangs together as a single, edge, and layer, saving yearly up to 16.73 
kWh/m2 (8.92%). Compared to other SDs, the combined system can provide shade on 
opaque and glazing elements protecting the whole building from overheating 
(Valladares-Rendón & Lo, 2014). In a Continental hot summer dry winter climate, 
similar to Seoul, South Korea, a study was carried out to analyze a high-rise 
rectangular building in terms of cooling loads applying several external SDs, 
distributed in different orientations. The findings indicated that horizontal overhangs 






S, E, and W. The study stated that a proper application of these SDs enhances the 
cooling loads saving in addition to equilibrating shading and daylighting compared to 
vertical SDs. A southern single unit located in the same building was compared in 
terms of SDs presence from May to September where horizontal overhang was able to 
decrease cooling loads by 19.7% (14.81 kWh/m2) (Cho et al., 2014). In Singapore, it 
was found that heat transfer can be minimized through the building envelope by 
applying suitable SDs and other glazing types. The low rate of heat transmission 
through the shaded glazing decreased cooling loads and reduced HVAC equipment 
capacity. SDs were found to be effective in rectangular buildings as they reduce space 
cooling and performed even better than double glazing. Non-shaded rectangular 
building was compared with E and W shaded facades in terms of energy performance. 
It was found that 30o downward tilted overhang on the W side decreased the space 
cooling loads by 21.20% annually where simple horizontal projection had lower 
performance by 7.20% (Chua & Chou, 2010). Tilted projections designed with respect 
to local climate conditions and orientations can extremely extend the time of protection 
on the elements of building envelope. In Seoul, South Korea, several SD simulations 
expounded that only certain types of devices can reduce insolation without affecting 
the thermal performance and visibility. Kim et al. (2012) emphasized that the 
overhang’s depth and slat angle can enhance the performance to achieve the balance. 
A unit in a bare rectangular building was compared to one with different types of SDs 
where application of a fixed tilted overhang with adjustable slats at 60o referring to 
Figure 14 a on the southern windows promised 66% of annual cooling load reductions 






2.6.5 Wall and roof cool coating 
Solar-reflective materials or cool coatings are considered as high infrared 
emittance coating materials and high Solar Reflectance (SR). They keep lower 
envelope surface temperature and prevent heat conduction into the building. The heat-
flow into buildings can be reduced by decreasing the temperature of the opaque 
components, leading to energy cooling loads saving in airconditioned structures and 
comfort enhancement in non-cooled ones. SR (solar reflectivity/ albedo) and infrared 
emittance/ emissivity are surface properties that are effective in terms of the thermal 
performance of these envelope surfaces. High solar reflectance and high emissivity are 
the respective daytime and nighttime factors that represent the criteria of coating 
selection. Cool coatings can reduce the white concrete roof’s surface temperature by 
2oC during the night and 4oC during a hot summer day. It is worth mentioning that 
cool colored materials have been developed as white roofs and walls may create glare 
problems (Sadineni et al., 2011).  
The roof’s conventional materials have 0.05–0.25 SR. Reflective roof coatings 
can rise the SR up to 0.60. The majority of roofing materials have 0.85 infrared 
emittances of 0.85 except metals that have a lower infrared emittance of about 0.25. 
Although metals are very reflective with SR greater than 0.60, bare metal roofs and 
metallic roof coatings tend to get hot as they cannot emit the heat absorbed effectively 
as radiation. The infrared emittance can be raised by special roof coatings of bare metal 
roofs. Several cases have proved that through SR or infrared emittance increase, the 
roof surface temperature can be reduced where white elastomeric coating or aluminum 
coating can rise the SR value more than 0.50. Moreover, for some products, coating 






Many studies have been conducted over the last years focusing on the 
application of the reflective material to exterior building components impact on 
thermal performance where most evaluations were analyzed on roofs. Haberl and Cho 
(2008) conducted a literature review about savings from cooling energy by cool roofs 
covering twenty-seven articles for typical US buildings. They highlighted that 
residential and commercial buildings could save cooling energy from 2% up to 44% 
and averaged about 20%. The literature indicated that cool roofs’ peak cooling energy 
savings vary between 3% and 35%, according to ceiling insulation levels, duct 
placement, and attic configuration (Haberl & Cho, 2008). Another study analyzed the 
combined effect of the cool roof and natural ventilation in a building model. Passive 
techniques combination provided eight cases to study. The best performance was 
reported by a cool roof and roof opening as it improved the circulation of air and 
evacuation of heat raising the thermal comfort up to 16% (Borge-Diez et al., 2013). A 
study in California, USA attempted to find the impact of highly reflective roofs on 
variations of cooling and peak load. Six different building types were refurbished with 
white high reflectance coatings or white PVC single-ply membrane at three different 
locations. It was found that the roof surface daily peak temperature for all the buildings 
was decreased by 33–42 K. The tests conducted on these single-story 
commercial/institutional buildings confirmed that high reflective roofs are efficient as 
they saved 5–40% of cooling load and 5–10% of peak demand (Akbari et al., 2005). 
On the other hand, walls with light colors in the hospital and the office building 
lessened the cooling load by 10.4% and 11.8%, respectively. In Turkey, Eskin and 
Türkmen (2008) tested the effect of external walls’ color on annual energy demands 
for an office building in the four different climatic zones in the country. Choosing light 






regions whereas these values drop 2% and 3.6% in cold and mild climate zones 
respectively (Eskin & Türkmen, 2008). 
2.7 Passive strategies applied to residential case studies in the UAE climate 
Silicon Oasis Dubai is a modern urban project that includes residential villas, 
a flat complex, and office buildings. There are several types of residential villas where 
Taleb (2014) has selected one to conduct her study adopting eight passive cooling 
strategies. Figure 16 and Figure 15 represent the plans and a picture of the selected 
villa unit. The villa’s main orientation is southern, and it is occupied by five tenants. 
The eight suggested passive cooling strategies are shown in Figure 17. To assess the 
villa performance, Integrated Environmental Solutions (IES) Energy simulation 
software was used. As for solar shading performance, Sun Cast Analysis was used for 
assessment, as a part of the IES software. Energy-saving was achieved through the 
natural ventilation enhancement and the heat gain minimization where other strategies 
were applied simultaneously as good shading devices, double glazing usage, and green 
roofing that proved its significance by representing effective roof insulation. The study 
revealed highlighted valuable findings including that passive cooling strategies can 












Figure 16: Case study villa plan (Taleb, 2014). 
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Another study was conducted by Baeza (2013) on a duplex townhouse in Al 
Hamra Village that is a residential complex located in Ras Al Khaimah, UAE as shown 
in Figure 18. The building contains two identical houses sharing the east and west wall 
respectively where each has three stories. The building is 1292 m3 in volume and has 
390 m2 of a treated floor as each house is 195 m2. The WWR in northern and southern 
walls is 44% and 22 % respectively and the total cooling capacity is 35 kW working 
in 2.8 Coefficient of Performance (COP) on average. The average daily domestic hot 
water consumption is 250 liters. The goal was to achieve zero energy house in the UAE 
through passive strategies application. The study sheds light on building envelope 
improvement by insulation materials, low-density concrete, reflective coatings, and 
low SHGC windows. TRNSYS and POLYSUN software were used for modeling and 
computer simulations. A reduction of 80% was reported in the cooling load due to 
passive technologies representing a total electricity consumption decrease of 55% in 
the original building. By applying active technologies such as; solar water heater and 
high-efficiency air conditioning chiller, the total electricity consumption was 
downsized to 70% where the cooling load demand was covered by a 6.5 kW 
Photovoltaic (PV) system that was placed on the available roof area (Baeza, 2013). 
 
 






A typical townhouse in Ras Al Khaimah was selected as a baseline to evaluate 
insulation materials energy savings. TRNSYS was used to design and simulate a low 
energy house in the hot and humid climate of UAE. The main aim of the study was to 
define energy-efficient building insulation materials for a residential house. The 
chosen materials for the house are made of aerated autoclaved concrete (AAC), 
polyurethane foam, polyisocyanurate (PIR), a reflective coating, and low emissivity 
coated triple glazed window. The study highlighted that the cooling load in the 
building was dropped by 65% representing 70% of the total electricity consumption 
compared to a typical house in the country due to envelope improvement. However, 
the heat flow average was above the target of 15 kWh/m2a in the house due to 
transparent surfaces (Baeza & Reddy, 2016). 
A residential villa in Abu Dhabi, UAE was studied by Awadh and Abuhijleh 
(2013) aiming to define the optimum design of windows’ system properties and 
shading devices’ performance, looking forward to building energy consumption 
improvement. Their target could be achieved through examining and assessing 
residential villa’s different fenestration system design parameters using IES VE2012 
for computer simulation. The study revealed that around annual energy consumption 
reduction of 6% can be achieved in houses leading to a 2.7% drop in the country’s 
annual energy consumption, thus, carbon dioxide emissions decrease by a similar 
percentage (Awadh & Abuhijleh, 2013). 
Another study was conducted in Dubai, UAE by Friess et al. (Friess et al., 
2012) aimed to analyze the effect of the typical common wall insulation options that 
were used in the emirate in the last ten years on the annual energy, the options that 






study was completed in 2009. It is a unit in a development of over 1000 similar or 
identical villas. It is a 2-story semi-detached single-family villa that contains three 
bedrooms and a maid’s room as in Figure 19. The upper floor consists of bedrooms 
and baths where the lounge, kitchen, and dining room are downstairs. The mid-plane 
insulated blocks were used for the exterior villa walls in compliance and according to 
the local code requirements. Refer to Figure 20. The AC system contains direct 
expansion (DX) units with plenum ventilation. This study discussed the effect of the 
thermal bridging on the consumption of building’s energy by modeling the 
performance of energy consumption for a commonly applied insulation strategies 
series for initial design stage buildings and in retrofit mode. The hourly simulation was 
performed using DesignBuilder/EnergyPlus to achieve the study aim as the results 
showed that appropriate external wall insulation strategies alone can save up to 30% 
energy (Friess et al., 2012). 
 
  
Figure 19: DesignBuilder model of villa studied. Note the attached adiabatic block 
simulating the contiguous villa (Friess et al., 2012). 
 
 
Figure 20: Standard mid-plane insulated precast concrete block (200 mm) typically 






The case studies that were discussed earlier are were summarized in Table 6. 
However, there are much more other residential case studies in the UAE, including Al-
sallal et al. (2013) study in Abu Dhabi, UAE that followed Estidama Guidelines and 
ASHRAE standards to create a sustainable house design using passive techniques as 
locating a central courtyard and green roof which acted as a buffer, protecting the 
building from excessive solar radiation limiting net heat gain. Thus, enhancing the 
surrounding area cooling as well as regulating the internal temperature of the building 
and decreasing the cooling energy demand. It was claimed that green roofs could also 
reduce the need for traditional insulation. The design achieved significant 
improvement compared to a typical Emirati house case as it downsized the greenhouse 
gas emissions and utility bill by 59% (Al-sallal et al., 2013). Al-Sallal and Al-Rais 
(2012) have also investigated passive cooling performance in modern urban contexts 
of Dubai. Three cases were simulated for passive cooling through natural ventilation 
by laminar and turbulent wind flow and its effect on human comfort following the 
















Table 6: Summary of the case studies 







 et al., 
2012 
Residential 
typology   
Villa complex Duplex townhouse 
complex  






2  3 2 2 2 
Location Silicon Oasis, Dubai Al Hamra Village, 
Ras Al Khaimah 
Ras Al 
Khaimah 
Abu Dhabi Dubai 
Area (𝐦𝟐) 950 195  360 255 231 
WWR  - • 44% north  
• 22% south 
0% of east & west  
• 50% north  
• 21% south 





South North North South-east North-east  
Simulation 
software 









• High solar reflection 
• Double glazing 
• Green roof 
• Shading devices 
• Indirect radiant cooling 
• Evaporative cooling 
• Insulation 


























23.6% annual energy 
consumption 
Only passive: 
• 80% cooling load 
(represent 
reduction of 55% 
of the total 
electricity 
consumption) 
• 65% cooling 
load  








2.8 Building energy assessment  
The building energy consumption assessment is a crucial step in building 
energy consumption optimization. There are different reviews related to the building 






the building simulation and computational techniques (H. Wang & Zhai, 2016), 
Østergård, Jensen, and Maagaard (2016) have reviewed the building simulations in the 
early building design stage (Østergård et al., 2016), and Li and Wen (2014) have 
reviewed the building energy modeling for control and operation Surrogate where the 
Surrogate models are another method to estimate the building energy performance (Li 
& Wen, 2014).  
There are several approaches to analyze the building energy consumption 
where the most common is detailed building energy simulation tools usage or custom-
developed tools. Currently, there are different building energy simulation tools as; 
TRNSYS, EnergyPlus, ASHRAE toolkit for building load calculations, IDA ICE, 
EXCALIBUR, Building Load Analysis and System Thermodynamics (BLAST), 
DOE-2, etc. other than the daylight assessment tools as in Daysim, Radiance, etc 
(Kheiri, 2018). Hourly building energy simulations fall under the capability of detailed 
building energy simulation tools. However, such tools have two main challenges as 
each requires design detailed information and needs special expertise for garbage-in, 
garbage-out avoidance but interfaces have made such tools usage more convenient. 
For example, several interfaces and plug-ins in the meantime integrates the user-
friendly geometrical modeling and Computer-Aided Design (CAD) tools with 
EnergyPlus representing the simulation engine as in DesignBuilder, N++, AECO sim 
Energy Simulator, Hevacomp Simulator V8i, EFEN, COMFEN, Solar Shoe Box, 
gEnergy, Simergy, Sefaira, Archsim, FineGREEN, EBEST, BEopt™, OpenStudio, 
Ladybug-Honeybee, and Archsim. Other than EnergyPlus, interfaces are also available 
for other building energy simulation tools as in SketchUp for TRNSYS and Green 






Although detailed building energy simulations may result in building energy 
consumption estimations with acceptable error margins, the detailed hourly 
simulations computational time may become an issue in optimizations with a lot of 
iterations. Therefore, several studies have been aiming to find an efficient 
computationally alternative for the assessment of building energy without losing 
relatively accurate assessments. 
One approach is the utilization of the simplified method to evaluate candidates 
during the process of optimization. Simplified methods depending on thermodynamics 
and heat transfer principles can estimate the building energy consumption. Simplified 
analytical equations represent an example that lies in this category. However, it is 
worth mentioning that simplified methods may not be able to assess the candidates in 
the process of optimization with the required accuracy. As simplified methods have a 
certain degree of generalization, then, these methods may not account for all the 
building model detailed configurations. 
The other approach is Surrogate models’ usage to assess building energy 
performance. Surrogate models or meta-models are the mathematical models derived 
from detailed building energy simulations or abundant actual measurements. Then, 
these models can then be used to replace detailed building energy simulation during 
the process of optimization. Multilayer regressions and simple regression models can 
be mentioned as examples of surrogate models. The example of Artificial Neural 
Networks (ANN) usage as a meta-model in the optimization of building energy can be 
found in Ouarghi and Krarti's study (2006). Primarily developed by Bayes (1763), the 
Bayesian neural network uses an unsupervised approach of learning based on Bayesian 






algorithms can train ANN, a concept in Machine Learning called neuro-evolution. 
Although this method can be faster than detailed building energy simulations, the 
results reliability may depend on the ranges of constraint and the data of training-
testing used in Surrogate models developing. Grey-box methods represent alternatives 
that partially black-box models and partially uses analytical expressions. 
Finally, another approach uses a function of dynamic objective in a way that the 
objectives evolve through the process of optimization. The coarseness of the objective 
function for example can increase in optimization later stages. González and Coley 
(2014) used a function of changing objectives during the optimization (González & 
Coley, 2014). This can be used with a derivative-free optimization methods branch. 
The developed method integrates generalized pattern search, pattern search algorithm 
of Hooke and Jeeves (HJ), and an adaptive test, that defines the cost functions 
evaluation precision. It is stated that the coarse cost function at optimization early 
stages can significantly drop the computational time (Kheiri, 2018). Therefore, the 
assessment method of building energy consumption is an important step that leads the 
optimization process and should be selected according to the targeted accuracy. 
2.9 Economic assessment  
In the literature, several financial methods to assess the profitability were used 
in the optimizing process. The most common methods are payback period (PbP), the 
Depreciated Payback Period (DPP), NPV, Internal Rate of Return (IRR), and the 
Savings to Investment Ratio (SIR). 
The PbP is the predicted number of years that is needed to recover the cost of 
the initial investment. It is calculated simply by adding the cash flows at all time point 






ignoring the time value of money. Assuming that the factors are held constant, the 
project with shorter PbP is better since the investor will start collecting profit earlier. 
The second major disadvantage of PbP method is that it does not show the benefits 
after the PbP and does not assess the project’s profitability. (Doty & Turner, 2009; 
Kaynakli, 2012; Ong & Thum, 2013). 
As for NPV, it sums the discounted cash flows as it integrates and converts at 
the same time money amounts as incomes and expenses of various time intervals. It is 
assumed that all the different net cash flows are gathered at the end of the time 
intervals. Only if NPV>0, an investment should be realized, while if alternative 
investments are compared, the best would be the one with the higher NPV (Nikolaidis 
et al., 2009). 
The IRR evaluation method aims to determine the discount rate that makes the 
current value of future discounted net cash flows of an investment equal to the initial 
investment along the total years of evaluation. The IRR is the discount rate that renders 
the tested investment marginal and represents the higher interest that can be paid by 
an investor for finding the required capital for investment. If the assessed investments 
are independent economically, then, the investor can find all attractive investment 
options that have an IRR greater than the minimum acceptable interest rate by 
evaluating them with this method. Thus, the most attractive investment is the one that 
has the highest IRR (Nikolaidis et al., 2009). 
The SIR of an investment is calculated by dividing the current magnitude of 
the future inflows for the evaluation years, by the current magnitude of the future 
outflows for the same period. If the current magnitude of inflows is equal to the current 






magnitude of outflows (NPV>0), then SIR>1 and vice versa. When the examined 
investments are independent economically, then the investment is attractive when 
SIR>1. Moreover, the most attractive investment is the one with the higher SIR among 
reciprocally excluded investments (Nikolaidis et al., 2009). 
The DPP frames a variant of initial investment PbP determination. This method 
defines the times periods number that is usually taken as years which are required until 
an investor recovers the investment’s initial outflow. This happens through the 
expected net cash flows of this investment. However, this method’s limitation is that 
it is unable to measure the investment “value” directly the “as it simply measures the 
required time to recover the investment initial outflow. According to DPP, the current 
magnitude of the expected net cash flows is calculated depending on the capital cost 
and then set it equal to the initial investment (Nikolaidis et al., 2009). 
The following are some of the studies which assessed the economic dimension 
of energy-saving measures. Freund (1979) was amongst the first who addressed the 
building energy-saving measures cost-effectiveness and provided examples for 
buildings in the UK. He stated that these measures can be considered as investments 
that should be evaluated using some cost-effectiveness general parameters. He 
suggested the IRR and produced a ranking by all considered cost-effectiveness 
parameters (Freund, 1979). 
Kellow (1989) presented Kuwait’s buildings’ energy-conservation standards 
approach and experience in the introduction, development, and implementation. 
Although Kuwait is rich in terms of energy resources, a review on energy consumption 
growth highlighted the need for energy conservation, especially in the building sector. 






standards, regulations, and guidelines to enhance energy conservation in buildings 
where Kellow (1989) has studied their implementation effect in terms of energy and 
economic savings (Kellow, 1989). 
Balaras, Droutsa, Argiriou, and Asimakopoulos (2000) conducted a study in 
three climatic zones of Greece to examine the energy conservation potential in 
apartment buildings. They followed the method of “EPIQR” and used the respective 
software including several modules that perform calculations of energy aiming to 
provide the user with an energy consumption initial assessment as well as savings 
gained from retrofitting actions. The proposed actions focused on heating and cooling 
of the space, production of domestic hot water, and lighting (Balaras et al., 2000). 
Riffat, Wilson, and Omer (2000) presented the PV systems monitoring in two 
buildings at the University of Nottingham and concluded that PV systems were not 
effective in terms of cost (Riffat et al., 2000). On the contrary, a few years later Eiffert 
(2003) proved the Building-Integrated Photovoltaic (BIPV) systems effectiveness, 
after determining their economic parameters. He stated that either Life Cycle Cost or 
Net Present Value or are recommended for designing and sizing BIPV systems 
although all investment methods can evaluate BIPV economics in general (Eiffert, 
2003). 
Papadopoulos, Theodosiou, and Karatzas (2002) studied an existing building 
renovation aiming to reduce energy consumption and enhance its environmental 
conditions in urban areas. They claimed the small progress that was observed in the 
energy-saving field direction was due to low prices of energy in the last 15 years and 
high capital cost of energy-saving measures applications. They defined a few energy-






of the suggested measures as a central heating system and shell insulation of the 
building (Papadopoulos et al., 2002). 
Motivated by the worldwide need for fundamental further reduction in gas 
emissions, Ecofys for EURIMA investigated suitable measures economics in the 
building sector.  They found that the top parameters which reduce energy consumption 
can be applied in a cost-effective way, especially in moderate and warm climate zones 
(Petersdorff et al., 2005). 
Georgopoulou et al. (2006) conducted a study in the Greek building sector 
investigating the potential emission reduction measures’ economic attractiveness, 
adopting the end-user’s perspective. They suggested a methodological framework 
incorporating crucial measures such as local climate, building use, and age, etc. which 
affect the energy conservation potential and consequently the available parameters 
economic performance. They assessed diverse emission reduction measures using 
Cost-Effectiveness Analysis that is a special type of Cost-Benefit Analysis 
(Georgopoulou et al., 2006). 
Ouyang, Ge, and Hokao (2009) carried on a study in China taking an urban 
existing residential building to analyze the economic avails of certain energy-saving 
renovation parameters using the method of simplified LCC. The determined 
parameters’ energy-conservation effect was considered depending on thermal 
simulation followed by an application of heating and cooling loads on-ground (Ouyang 
et al., 2009). 
Definitely, when the study is not limited to the energy conservation measures 






studies that have been conducted to evaluate energy conservation potential in the 
building sector can be found such as; Doukas, Nychtis, and Psarras (Doukas et al., 







3 Chapter 3: Methods 
 
3.1 Methodology overview 
The methodology process that will be followed to determine the optimum 
solutions is presented in Figure 21, which is based on the literature review conducted 
for the cost optimization methodology (Ferrara et al., 2018). The first step is to select 
the case study buildings, which are two residential villas in Sharjah that mainly vary 
in the architecture program, construction details, occupancy pattern, and HVAC 
schedules. The effect of these variations on the results will be analyzed. The second 
step is the manual selection of the alternative passive cooling techniques based on 
UAE market availability along. Then, the dynamic simulation (DS) will be performed 
using DesignBuilder software, which will be validated and collaborated using real 
electricity bills of one full year (2019). Finally, from the gathered cost and prices of 
that were retried from local companies, the cost analysis of the building calculations 
will be conducted using the ‘Net present value’ economical approach of the annual 
energy cost of 20 years’ life-span and the initial cost of each alternative. The alternative 
that has the minimum total cost will be considered as the optimum solution. Each 
passive strategy alternatives will be analyzed separately and then to combined in one 
optimum model. 
 



























3.2 Definition of case study villas- baseline models 
An important methodology that was adopted in this thesis is the ''Case Study'', 
as it helps in understanding the phenomenon of study that is dealing with contextual 
issues (Motomura, Fontoura, & Kanashiro, 2018; Yin, 2001). Two villas were selected 
as case studies for this research, which are following the typical design of the local 
governmental villas (GVs) of Sharjah. 
The data needed for the baseline energy modeling process was collected by 
approaching Directorate of Housing in Sharjah to get the technical drawings and the 
families who occupy the two studied villas. The two cases’ typology is semi-detached 
villas, one-floor ground (G) villa, and two floors (G+1) villa. However, the focus of 
this study is the right-sided villa of both cases.  
The small G-villa is located in Al Shahba area, while the big G+1 villa is in Al 
Tay area. The G-villa architectural drawings and an exterior picture of the villa are 
represented in Figure 22 and Figure 23. Figure 24- 26 are the architectural drawings 
and an exterior picture of the G+1 villa. The architecture program and construction 
details for both villas are summarized in Table 7 and Table 8 respectively. The Sharjah 
GVs are following the typical construction techniques of UAE with concrete structure, 
plaster finishing, and relatively small size windows, which were found to be double 
glazed with an average area of 1.8 m2. In the relatively old villas, like the case study 
G-villa, no insulation layer was found in the wall blocks. On the other hand, the newly 
constructed villas are using thermal concrete blocks. For both villas, the assumed total 







Figure 22: Ground floor plan and front elevation of the G-villa. 
 
 







Figure 24: G+1 villa architectural drawing (a) Ground-floor plan. (b) First-floor. 
 
 








Figure 26: Exterior picture of the G+1villa. 
 
Table 7: Architecture program of the two case study villas 
 Small G-villa Big G+1 villa 
Total Villa Area 97 m2 256 m2 
WWR 7% 9% 
Roof area 120m2 164m2 
#Living areas/Majlis 1 (23m2 ) 2 (12m2 and 62m2) 
#Bedrooms 3 (11- 22 m2 ) 4 (17-35 m2 ) 
#Toilets/Bathrooms 3 (2.5-4m2 ) 6 (2.5-10m2 ) 
Services areas Kitchen (14m2)/ Maid bedroom (5m2 ) Kitchen (20m2)/ Maid bedroom 
(8m2 ) 
# of stories 1 (G) 2 (G+1) 
Typology Semi-detached residential villa Semi-detached residential villa 
 
Table 8: Construction details of the two case study villas 
 Small G-villa Big G+1 villa 
Age of the building Years 20 years 2 years 
External wall 
Total 20cm 20cm 
Insulation 0cm 6cm 
External roof 
Type Pitched roof Flat roof 
Insulation 0cm 4.5cm 
Glazing 
layers Double Double 
U value 2.5 1.9 






3.3 Selection of energy measures and passive techniques parameters 
This study will be limited to a selected group of passive techniques that apply 
to the residential villas and available in the market of Sharjah, UAE, which will aim 
to find the optimum solutions that minimize the total cost. The selection of energy 
efficiency measures will be following the manual selection (MS) approach. Based on 
the literature conducted in Chapter 2, six main passive techniques were found to be 
relevant to the UAE climate. Other than the energy considerations, the selection of the 
passive techniques' parameters and types will be based on market availability due to 
the economical factor that is considered in this research. The passive techniques that 
will be optimized are: 
1. Orientation 
2. Geometric ratios 
3. Insulation: material and thickness  
4. Glazing thermal characteristics 
5. Cool coat for the roof and wall 
6. Exterior shading devices 
After applying the different passive techniques, the final results will be 
compared to the minimum requirements of SA’FAT (Dubai regulations); as there are 
no sustainability guidelines in Sharjah yet. A secondary comparison with Estidama 
Villa Pearl Rating System (EVPRS) requirements will be carried out as well. Table 9 








Table 9: SA’FAT and EVPRS minimum passive techniques requirements 
 SA’FAT EVPRS 
Wall and roof 
U-value (W/𝐦𝟐K) 
• 0.3 for the roof 
• 0.57 for the wall (bronze) 
Optional 0.42 for the wall (gold)  
• 0.14 for the roof 
• 0.32 for the Wall 
Glazing If WWR less than 40%: 
• U= 2.1 W/m2K (max)  
• SHGC: 0.4 (max) 
•  Light Transmittance: 0.25 (min) 
• U=2.2 W/m2K for the glazing  
• SHGC: 0.4 (max) 
Maximum WWR 
ratio 
- • 15% of the conditioned floor area  
• Optional 1 credit: if glazing area 
was less than 10% of the 
conditioned floor area 
Minimum SRI • 75% of the roof with SRI ≥78 
• 75% of the wall  
• Optional 1 credit: SRI ≥78 
Window Shading/ 
orientation  
• 50% of the glazing must be with 
150 degrees starting from east to 
north-west. 
Optional 1 credit: 
• Covers all the east, west, and south 
glazed area 
• Maximum of 20% free area of the 
shading device 
 
The geometric ratios, configurations, and orientation have no additional cost. 
So, the optimization will focus on operational energy reduction only. In SA’FAT at 
least 50% of the total glazed surface area of the building, must be facing the angle 
between the east and the north-west, which equals 150 degrees starting from the east.  
The thermal insulation is a main passive technique and a mandatory 
requirement of SA’FAT and EVPRS as shown in Table 9. As provided by three local 
companies, which are the Arabian chemical insulation company, Al-Sindbad building 
chemicals company, and the Roof Care, the main insulation materials used are the 
Extruded polystyrene foam (XPS) and the Polyurethane foam. The thickness ranges 
from three to thirty centimeters.  
For the energy performance of the glass envelope component, including 
windows, three thermal characteristics were found in the sustainability guidelines, 






consider anther than the thermal characteristics is the WWR. In EVPRS, the WWR is 
mandatory to be less than 15% of the conditioned floor area and an additional credit if 
it was less than 10% of the conditioned floor area.  
The roof cool coating is mandatory in SA’FAT; for all the new buildings at 
least 75% of the roof area should a minimum Solar Reflective Index (SRI) value of a 
78 in the case of flat or low slope roofs. For the exterior walls, at least 75% of the area 
to have a minimum Light Reflective Value of forty-five percent 45%. On the other 
hand, in EVPRSLV RE-2 an additional credit can be awarded if a high solar reflective 
roofing material was used for the building external envelope. 
The exterior shading devices are optional in EVPRSLV RE-2, in which an 
additional credit can be obtained if the shading system was provided on all the glazed 
elements of the East, West, and south facades with a maximum of 20% for the free 
area of the shading device. In Sharjah, two main common types of shading devices 
were found which are the Aluminum louvers and the Glass reinforced concrete (GRC).  
Table 10 is a summary of the simulation scenarios that will be simulated in 
sequence. The orientation and geometry are early design stage decisions that have no 
initial cost, however, can affect the annual energy consumption (AEC) as well as the 
result of other strategies optimum solutions including the insulation, glazing, cool 
coating, and the shading. To understand the impact of the new selected orientation and 
geometry on the rest of the applied passive strategies, the annual energy consumption 
(AEC) simulations of the G-villa will run twice. Once with the baseline model as a 
reference and again with the new orientation and geometry model as a reference.  For 






orientation only. Once with the baseline model as a reference and again with the new 
orientation as a reference. 
 
Table 10: The simulation scenarios 
Passive technique  Scenarios Optimization 
factor 
1. Orientation  • Front façade (FF) facing East  
• FF facing West 
• FF facing North 
• FF facing South  
Energy  
2. Geometry  • Aspect ratio: (baseline plan, rectangular plan) 
• WWR ratio (baseline, 10%,12%) 
Energy 
3. Insulation  • 3-30 cm thickness of XPS for exterior walls. 
• 3-30 cm thickness of Pu for exterior walls. 
• 3-30 cm thickness of XPS for the roof. 
• 3-30 cm thickness of XPS for the roof. 
Energy and 
cost 




5. Cool coating • White brushbond layer on the walls 





• GRC side fin on the East/West façade (width: 50, 75cm) 
• Vertical perforated Aluminum on the East/West façade (width: 
10,15,20cm and tilt angle of the vertical blades)   
• GRC overhang on the South façade (width: 50, 75, 100cm) 
• Horizontal perforated Aluminum on the South façade (width: 
10,15,20cm and tilt angle of the vertical blades)   




3.4 Energy performance assessment 
For the energy performance assessment, the dynamic energy simulations will 
be conducted using DesignBuilder (DB) software, version 6.1.0.006. The DB software 
that is incorporating with the EnergyPlus engine has been validated for dynamic 
simulation based on ASHRAE 140 (ASHRAE, 2006). Table 11 compares the most 
common energy simulation software, in which DB was selected as it is highly accurate, 
easy to learn, and easy to follow-up (Attia & Herde, 2011). While according to Attia 
and Herde (2011), DB is considered to have a medium level of usability because 






difficult to use and navigate (Attia & Herde, 2011). However, the experience of the 
user and the learning curve can overcome this issue.  
 
Table 11: Ranking the tools according to the most important features 
 IESve ECOTECT DB HEED Energy 10 e-Quest 
Usability* High High Medium Medium Medium Medium 
Interoperability* Medium Medium Medium Low Low Low 
Process adaptability* Medium Medium Medium Low Medium Medium 
Accuracy * High Low High High High High 
Easy learnability and 
learning curve period** 
Low High High High Low Low 
Follow-up structural** High Low High High Low High 
*Ref: (Attia & Herde, 2011) 
**Ref: (Attia et al., 2009) 
 
DB is a user-friendly modeling environment where it is possible to work with 
a virtual building model. It provides a range of environmental performance data such 
as annual energy consumption, maximum summertime temperatures, and HVAC 
component sizes. It generates performance data using the Energy Plus dynamic 
simulation engine. The DB has been validated by other studies including (Taleb, 
2014). The software has some other typical uses such as evaluating façade options for 
overheating and visual appearance, visualization of site layouts and solar shading, and 
calculating heating and cooling equipment sizes. It is capable of displaying the 
environmental performance data without needing to run external modules and import 
data and any simulations required to generate the data start automatically. Also, Energy 
Plus ‘Compact HVAC’ descriptions provide an easy way into a detailed analysis of 






DesignBuilder runs hourly and sub-hourly simulations, where results can be 
displayed yearly, monthly, daily, or hourly. The simulations will be run on a sub-
hourly base, but it will be displayed on a monthly base to be compared with the 
monthly electric bills and for easier understanding of the outcomes. 
3.4.1 Climate data, location and weather analysis 
As mentioned earlier, the location of the case studies is in Sharjah; Table 12 
summarizes the general information of Sharjah’s location. The weather file that will 
be used as an input for DB is the EPW file of Sharjah International Airport (2004-
2018). The EnergyPlus Weather Format (EPW) is a weather data file used for the 
simulation. The weather data files are generally collected using data from different 
calendar years, which can be useful for exposing the simulation model to a range of 
different weather conditions that occurred over several years, all combined into a 
single year. However, this will create a percentage of error in the case of dynamic 
calibration with data obtained from monitoring (Burton, 2015). In this research, real 
electricity bills of 2019 will be used, so this can result in a percentage error when 
comparing it with the simulated results that used the EPW file. 
 
Table 12: General information of Sharjah’s location 
General Information  
Latitude  25.3463° N (25° 19' 20'' N) 
Longitude 55.4209° E (55° 30' 49'' E) 
Altitude  ~6 m 
Time zone  UTC + 4 hours 
Country United Arab Emirates 
Continent Asia 







In Figure 27, the monthly weather charts are exported from DB weather 
analysis. The precipitation rates shown in Table 13 confirm the general arid weather. 
Analyzing the yearly wind conditions (Figure 28 a) shows that the main wind direction 
is North-West.  Figure 28 b shows that summer wind is moderate-strong warm humid 
wind while winter wind is strong cold medium-humid wind. This analysis can be used 
in the design/ choice of passive cooling and ventilation strategies. 
 
 
Figure 27: Site weather data of DB. 
 
Table 13:Yearly precipitations in Dubai. Ref: Dubai Meteorological Office. 
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Figure 28: Sharjah weather data (a) Yearly wind direction distribution in %. (b) 
Wind statistics.Ref: (windfinder, 2016). 
 
3.4.2 Modeling assumption 
As the focus of the study will be on passive strategies rather than the active 
strategies, the baseline HVAC system and lighting will be used for all the scenarios. 
The cooling system of the G-villa is using the split units for each zone, while the G+1 
villa is using the Air-cooled duct system for all the zones except for the kitchen and 
maid room that uses split units. The cooling system coefficient of performance for both 
villas is assumed to be 3.2.  
Table 14 summarizes the input assumptions of the DB models based on 
observation, post-occupancy evaluation, and technical drawings. The activity profiles 
were selected from the default generic living/dining, toilet, bathroom, kitchen 
Month of the year 
Dominant wind direction 
 
Wind probability  
 
Average wind speed 
probability  
 










templates as inherited by the software library, which is built according to ASHRAE. 
The monthly schedules of the occupants are affected by the public calendar, like 
Ramadan month, as well as the vacation plans. The vacations might increase the 
monthly electricity bills if more time is spent at home, while it might reduce it in case 
of traveling and leaving home. On the other side, the daily schedule is affected by the 
occupancy pattern of the people. According to the house occupants of the G-villa, the 
weekly schedule of the house is mainly after working hours, except for the weekends, 
while for the G+1 villa it is mostly occupied all day. The lighting type based on the 
author's villa observation was florescent and LED for the G-villa and G+1, 
respectively. The lighting power density was retrieved from the electrical drawings 
and then divided by the area of the villa to find the normalized lighting power density 
that will be needed as an input for the DB baseline models.  
 
Table 14: Input DB model assumption 
Criteria Input G-villa Input G+1 villa 
Activity Light activity- each zone activity template was selected according 
to the function of the zone 
Occupancy density 0.06 people/m2  0.023 people/m2 
Schedule Mostly occupied after working 
hours 




Target luminance for 
lighting 
200 lux 200 lux 
Lighting type Florescent  LED 
Normalized lighting power 
density 







3.4.3 Evaluation, validation, and calibration method 
As the DB simulation model is the main energy assessment tool, the 
measurement of the accuracy of the model is an important task, because once the model 
is validated through a calibration procedure, it can be used to study different 
optimization scenarios to compare its energy consumption. According to ASHRAE 
guidelines 14-2002 Section 6.3.3.2.2, collecting and reviewing of the utility data to 
calibrate should be carried out for a minimum of one-year span (12 valid meter 
readings) (ASHRAE, 2002). Monthly utility bills were collected from Sharjah 
Electricity and Water Authority (SEWA) online accounts of the occupants to be used 
for the DB model calibration procedure (refer to Appendix A and B). The two baseline 
villas will be modeled using the technical collected data presented previously. The 
models will be validated by comparing the simulation results with the real monthly 
electricity bills that are summarized in Figure 29 and Figure 30. 
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Figure 30: G+1 villa electricity consumption from retrieved from SEWA electricity 
bills (2019- 2020). 
 
The indices used to test/evaluate the model are the NMBE (Normalized Mean 
Bias Error) along with the CV(RMSE) (Coefficient of Variation of the Root Mean 
Square Error). The NMBE is a normalization of the MBE (Mean Bias Error) as shown 
in Equation (1). The NMBE, as shown in Equation (2), is subject to cancellation, for 
that, it is used along with the CV(RMSE) represented in Equation (3). According to 
ASHRAE Guideline14-2014, if the difference recorded between measured and 
simulated readings is ±5% for the NMBE (Normalized Mean Bias Error) and 15% for 
the CV(RMSE) (Coefficient of Variation of the Root Mean Square Error) then the 
modeling procedure can be described as valid (Ruiz & Bandera, 2017). The baseline 
model uncertainty can be due to, but not limited to, meter readings, weather data, 
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Where 𝑚𝑖 is the measured value, 𝑠𝑖 is the simulated one, 𝑛 the number of measured 
data points (in our case 12 months), ?̅? is the mean measured value, and 𝑝 is the number 
of adjustable model parameters. In the NMBE the 𝑝 is suggested to be zero, while in 
the CV(RMSE) it is suggested to be one  (Ruiz & Bandera, 2017). 
3.5 Total cost calculation and determination of the cost-optimal solutions 
In the previous sections the case study, passive techniques, and the dynamic 
energy assessment modeling software were selected. The final steps of the followed 
methodology are the global cost assessment and optimization of the passive 
techniques’ alternatives. The calculations for each passive technique type will be 
carried out, in which the optimum solution will be the one with the lowest total/global 
cost. The optimum scenario of each passive technique will be combined and used in 
the final optimum design of the villa.  
According to Section 2.9, the most common methods that are used to assess 
the profitability of a project are the payback period, net present value (NPV), net cash 
flow (NCF), and internal rate of return (IRR) (Ong & Thum, 2013).  As mentioned 
earlier, the payback period (PbP) mainly focuses on capital recovery and ignores 
profitability. This means that it will not consider the returns after its PbP. For that 
reason, the PbP is not recommended when comparing two alternatives; as one might 
have a longer PbP but it gives a higher return after the PbP (Ong & Thum, 2013). Even 
though the PbP is easier and quicker than the net present value NPV, however, the 
NPV overcomes the previous disadvantages of the PbP. For that, the economic 
assessment of this research will be conducted based on the NPV approach. The NPV 
compares the value of money received today and the value of that same amount of 






The determination of the optimum solution is based on the total cost 
calculation, which will depend mainly on annual electricity consumption, the costs of 
electricity and strategy material, building lifetime, interest, and inflation rates. The 
annual energy/electricity load per unit area will be found from the DB simulation 
results. The cost of the selected strategies will be based on Section 3.5.1. The UAE’s 
price of electricity, inflation rate, and interest rate are summarized in Table 15. 
According to Eman Abdullah (2001), the UAE’s buildings are expected to have a life 
of around 20 years (Abdullah, 2001). Similarly, Matt Kwong (2010) mentioned that 
the average lifetime of a UAE building is between 15 to 30 years, as a result of the hot 
and arid climate, according to the demolition contractors MTKA and Zaarour Trading 
(Kwong, 2010). Additionally, other optimation studies that used the NPV to evaluate 
the total cost have assumed the building lifetime to be 20 years including Ozel (2013), 
and Yu et al. (2009). 
The total cost (Equation (4)) will be the sum of the cost of strategy material 
(capital cost) and the present worth of the cost of electric consumption over the lifetime 
of the building (Ozel, 2013), which can be written as: 
𝐶𝑡𝑜𝑡 = 𝑃𝑊𝐹. 𝐶𝑒 . 𝑄𝑒 + 𝐶𝑠  ( 4 ) 
Where 𝐶𝑡𝑜𝑡 is the total cost (Dhs/m
2), PWF is the present worth factor, 𝐶𝑒 is 
the cost of electricity (Dhs/KWh), 𝑄𝑒 is the annual electricity load per unit area 
(KWh/m2), 𝐶𝑠 is the cost of strategy per unit area (Dhs/m
2). 
The PWF will be calculated using Duffie and Beckman (1991) method, which 
is a practical and well-known method that can be used for building optimization. 






Bolattürk (2008) Ozel (2013), and Yu et al. (2009). The PWF depends on the interest 
rate 𝑖 and inflation rate 𝑔. In this case, PWF for the lifetime of N years is defined as 
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    ( 5 ) 
The annual energy savings are calculated from the difference between the total 
cost of the baseline and the total cost when the optimum solution is applied, divided 
by the PWF (Ozel, 2013). The simple payback period (pb) (Equation (6)) is defined as 
the strategy cost (𝐶𝑠) divided by the annual energy savings 𝐴𝑠 (Dhs /m




  ( 6 ) 
The global cost calculations will be conducted for each passive technique 
parameter scenario. The parameters used in the calculations are given in Table 15. 
 
Table 15: UAE calculation parameters 
Parameter Value  
The price of electricity 0.296 Dhs/KWh* 
Inflation rate (g) 2.12%** 
Interest rate (𝒊) 2.12% 
Useful Lifetime (N) 20 years *** 
*Cost of electricity for households (globalpetrolprices, 2019) 







3.5.1 Cost/ price data gathering  
Studying the villas' construction market of Sharjah, five companies have 
helped in providing the data, which are the Arabian chemical insulation company, Al-
Sindbad building chemicals company, the Roof Care (a division of HENKEL 
POLYBIT IND. LTD.), Seema Aluminum Works, and Al Rawaah decor Mat Factory. 
The prices and costs used in this research were collected from the local companies 
based on the 2019 and 2020 data. 
The insulation prices that were provided by the Arabian chemical insulation 
company, Al-Sindbad building chemicals company, and the Roof Care are 
summarized in Table 16, which will be used as an input for the optimization process. 
In this case, the optimization is to find the optimal insulation material and thickness 
where the total investment cost for the insulation and cooling can be minimized over 
the lifetime of the building. The cost of insulation installation will increase with 
thickness, while the cooling cost decreases; thus, the total cost of insulation and 
cooling is minimal as the thickness of insulation is optimum. There will be no energy 
savings to increase additional insulation beyond the economic thickness. 
 
Table 16: Insulation market in UAE 




3-4 0.93 10 
4-5 0.72 15 
7-8 0.43 20 
Polyurethane foam 
3-4 0.623 40 
4-5 0.436 65 






The glass prices vary according to its the thermal characteristics, Tibi & 
Mokhtar (2015) studied the types of glass in UAE and found the average price for each 
type using two price-lists obtained from the local UAE market in the 4th quarter of 
2014 (Tibi & Mokhtar, 2015). These data were used and converted from United States 
(US) dollars to UAE dirhams (Dhs), in which the 1 US dollars in 2014 was 
equivalating to 3.6731 Dhs (World currency and exchange rates and currency 
exchange rate history, 2014). And finally using the online inflation calculator for the 
UAE, the prices were converted to the current equivalent prices with an 11.6% 
depreciation in 6 years (Worlddata.info, 2020). Table 17 summarizes the selected types 
of glass, their thermal characteristics, and average prices. 
 





Average Price in 






(6mm pane+ 12mm 
air gap+ 6mm 
pane) and low-e 
film 
2 0.29 180 201 
1.9 0.26 187 209 
1.7 0.21 231 258 
1.3 0.2 283 316 
1.1 0.14 323 360 
*Converted prices that were retrieved from:  (Tibi & Mokhtar, 2015). 
 
 
The normal good quality exterior painting of National Exterior Paints or 
Jotashield color extreme has an average price of 12 Dhs/m2(AAASHI, 2020), while 
Al-Sindbad building chemicals company can provide a brushbond layer which is a 






Sharjah. They will no various scenarios to optimize for this technique, as it is either to 
apply the coat or not. 
The exterior shading devices optimization is to find the optimal material and 
dimension where the total investment cost for the device and cooling can be 
minimized. The cost increases with the area of the device, while the cost of cooling 
decreases. The average price of the Aluminum louvers provided by the Seema 
Aluminum Works company is around 550 Dhs/ m2, while the GRC is around 






4 Chapter 4: Results and Discussion 
 
4.1 Model calibration  
From the collected technical drawings and the input data, two baseline models 
were built in DesignBuilder (DB). As mentioned, the calibration processes will follow 
the ASHRAE Guideline14-2002. Two tests were used to verify the model, which are 
the NMBE and CV(RMSE). If the NMBE and CV(RMSE) of the baseline models were 
not within the acceptable range, they cannot be used and need to be modified. The 
modification will include the input parameters that are uncertain and can be changed, 
for example changing the performance of the HVAC system and repeating the 
simulation. This process is repeated until the NMBE and CV(RMSE) are within the 
acceptable range.  
In the first simulation trial, the indices indicated that models were not 
considered to be calibrated yet. The G-villa NMBE was 5.51% and the CV(RMSE) 
was 24.61%. The G+1 villa NMBE was 5.16% and the CV(RMSE) was 30.84%. As a 
result, input data were revised to understand the reason for the mismatch between the 
simulated results and electricity consumption bills. The lighting and the construction 
details were found in the technical drawings; so, they were not changed. However, the 
following points were revised and tested:  
• Full details of the installed HVAC system were not available; the default template 
of the closest system from the DB library was used. The AC system of the G-villa 
has been replaced in 2012. Taking into account the possibility of performance 






• The default cooling setpoint temperature in DB was 24 degrees Celsius, but 
changing it to 25 degrees for both villas showed better results. 
• The air infiltration related details were not available and no experiment was 
conducted to find the air infiltration of both villas. However, 0.7 ACH was used 
because it showed better results in the collaboration process when compared to 
rates between 0.3-1.0 ACH. The reason behind that might be the old construction 
of the villa. No advantage of the air infiltration will be considered; as both models 
(the baseline model and the optimum model) will have the same air infiltration 
rate.  
• Understanding the schedule operation and occupancy pattern of the villas is 
important to the overall accuracy. The default residential schedule was used for the 
G+1 villa, only May and August schedules were edited. According to the 
occupants, may was Ramadan and more time was spent at home with the family as 
well as guests, which increased the AC and lighting consumptions and assumed to 
be 24 hours on. On the other hand, in August the parents took their annual vacation 
in the time of school summer vacations and traveled for 20 days, which decreased 
the electricity consumption.  For the G villa, the occupancy pattern was different; 
as they were spending the most daytime (from 7 am to 3 pm) outside the home at 
work and school, so the schedule was edited accordingly.  
After applying the previous changes, the indices values were within the acceptable 
limits as shown in Table 18 and  
Table 19. As a result, the two models are considered to be calibrated models 







Table 18: Testing the calibrated model of the G-villa with the baseline using the 







Jan-19 614 604.77 9.23 85.19 
Feb-19 812 693.76 118.24 13980.70 
Mar-19 800 771.78 28.22 796.37 
Apr-19 964 1094.11 -130.11 16928.61 
May-19 1806 1779.62 26.38 695.90 
Jun-19 3775 3318.97 456.03 207963.36 
Jul-19 3361 3592.4 -231.40 53545.96 
Aug-19 3201 3473.55 -272.55 74283.50 
Sep-19 2512 2885.32 -373.32 139367.82 
Oct-19 2633 2277.31 355.69 126515.38 
Nov-19 1429 1344.41 84.59 7155.47 
Dec-19 501 560.11 -59.11 3493.99 
MBE                         0.99 
Mean (baseline)   1867.33 
NMBE                     0.05%   
CV(RMSE)              12.97% 
  
 
Table 19: Testing the calibrated model of the G+1 villa with the baseline using the 







Jan-19 1000 1003.9 -3.90 15.21 
Feb-19 960 1051.81 -91.81 8429.08 
Mar-19 1720 1517.42 202.58 41038.66 
Apr-19 1720 1963.6 -243.60 59340.96 
May-19 4720 4260.08 459.92 211526.41 
Jun-19 3760 3687.82 72.18 5209.95 
Jul-19 4720 4432.19 287.81 82834.60 
Aug-19 2400 2551.42 -151.42 22928.02 
Sep-19 3520 3127.22 392.78 154276.13 
Oct-19 2800 2788.59 11.41 130.19 
Nov-19 1750 1923.67 -173.67 30161.27 
Dec-19 1160 1289.07 -129.07 16659.06 
MBE 52.77     
Mean(baseline) 2519.17     
NMBE 2.09%     






4.2 Energy simulation results 
After calibrating the two baseline models, selected passive strategies were 
applied and simulated. The simulation results of each strategy alternatives will be 
presented and discussed in this section. Assuming that the orientation and geometry 
have no initial cost, the energy simulation results will directly reveal the optimum 
solution. On the other hand, the insulation, glazing, cool coating, and shading have an 
initial cost. To understand the effect of the new selected orientation, geometry, and 
WWR ratio on the rest of the applied passive strategies, the annual energy consumption 
(AEC) of the G-villa and G+1 villa simulations will run twice. Once with the baseline 
model as a reference (BL), which means to apply the tested strategy on the same 
validated baseline model (fixing the baseline model as a reference). And again, with 
the newly developed design model as a reference (NDD), which means to apply the 
tested strategy on the new model that has the optimum orientation and/or geometry.  
4.2.1 Orientation, geometry, and WWR results 
• G-villa 
The G-villa baseline orientation was 215 degrees from the north direction as 
shown in Figure 31. The Front facade (majlis and main entrance) were southwest 
oriented. The distribution of the area of the windows was 6.5 m2 in the front façade, 
4 m2 in the right façade, 2.5 m2 in the back façade, while the left side of the villa was 
blocked because it is a semi-detached villa. Four orientations were simulated by having 
the front façade (FF) oriented toward east, west, north, and south. According to the 
orientation simulation results of the G-villa baseline model shown in Table 20, it can 
be seen that the best choice for the FF is to be oriented toward the east. Although the 






roof of the front terrace. Another explanation of the result is that the FF is on the short 
side of the building so less heat is transferred from that side, while the north orientation 
was the best for the right façade because it is the longest unshaded side.  
 
 
Figure 31: Axonometric view of the layout of the G-villa DB model 
 
Table 20: G-villa orientation, geometry, and WWR simulation results 





 FF is Southwest (215 
degrees) 
22394.32  - 
Orientation 
East 21875.95 -2.31  
West  22573.96 0.80  
North 22149.64 -1.09  
South 22104.35 -1.29  
Geometry 
new plan FF is 
Southwest (215 
degrees) 
15973.25 -28.67  
new plan FF is north 
(0 degree) 
15773.34 -29.57  
WWR 
10% 15855.84 0.52   






A new plan design was suggested, which aimed to have the FF: facing the north 
direction, be on the longest side, and to have the biggest window area while having the 
same total window and floor area. The other reasons for applying this design is to 
minimize the gross exterior wall area by having the maid room and toilet inside the 
villa (rather than having it separated from the villa as in the baseline scenario as shown 
in Figure 33 b and to test the effect of the geometry on the energy consumption. Figure 
32 and Figure 33 a represents the new model design, which decreased the annual 
energy consumption by around 30%.  
 
 
















The results of increasing the WWR, as shown in Table 20, from 7% in the 
baseline case to 10% and 12% have increased the energy consumption but it will 
increase the natural daylight and views. However, the amount of increase in the natural 
daylight is out of the scoop of this research.  
• G+1 villa 
The G+1 villa baseline orientation was 204 degrees from the north direction. 
The Front facade (majlis and main entrance) were southwest oriented. The distribution 
of window area was 22 m2 in the front façade, 13 m2 in the right façade, 8 m2 in the 
back façade, while the left side of the villa was blocked because it is a semi-detached 
villa. Four orientations were simulated by having the front façade (FF) oriented toward 
east, west, north, and south.  
According to the orientation simulation results of the G+1 villa baseline model 
shown in Table 21, it can be seen that the best choice for the FF is to be oriented toward 
the north as shown in Figure 34. The reason behind the result is that the FF has the 
biggest un-shaded window area, which is larger than the sum of the two other facades 
windows’ area. 
Increasing the WWR, as shown in Table 21, from 8.5% in the baseline case to 
10% and 12% has increased the energy consumption but it will increase the natural 
daylight and views. For the G+1 villa, the WWR will be ignored in the optimization 







Figure 34: Axonometric view of the layout of the G+1 villa DB model 
 
Table 21: G+1 villa orientation and WWR simulation results 
    Annual energy 
consumption (KWh) 
Difference percentage % 
Baseline Southwest (204 
degrees) 
29596.79 - 
Orientation East 28918.33 -2.29  
West  30215.21 2.09  
North 28379.43 -4.11  
South 28959.62 -2.15  
WWR 10% 29153.66 2.73  
12% 30903.52 4.42  
 
4.2.2 Insulation results 
• G-villa 
As mentioned earlier, the wall and roof of the G-villa have no insulation. 
Starting with the wall insulation, a layer of (3-15 cm) of extruded polystyrene (XPS) 
and polyurethane (Pu) was added on the outer side for each wall orientation. Results 






the (3-30 cm) thickness of insulation was simulated for all the exterior walls regardless 
of their orientation, which will be more economical to apply. Similarly, for the roof 
insulation, a layer of (3-30 cm) of XPS and Pu was added and simulated 
As mentioned earlier, the annual energy consumption (AEC) of the G-villa 
simulations will run once with the baseline model as a reference (BL) and again with 
the new developed design model (NDD), as shown in Table 22, to understand the effect 
of the new orientation, geometry, and WWR ratio on the different applied passive 
strategies, This procedure will be applied on the G-villa for the rest of the selected 
passive techniques.  
 




















 XPS 3  21391.2 -4.48  15653.7 -1.95  
 XPS 4  21186.26 -5.39  15595.55 -2.32  
 XPS 7  20842.85 -6.93  15456.38 -3.19  
 XPS 15  20263.31 -9.52  15151.85 -5.10  
 XPS 18  19976.73 -10.80  14968.12 -6.25  
XPS 25  19606.56 -12.45  14730.68 -7.74  
XPS 30  19362.26 -13.54  14590.74 -8.61  
Pu 3  21221.27 -5.24  15625.34 -2.13  
Pu 4  21025.87 -6.11  15567.92 -2.49  
Pu 7  20715.21 -7.50  15433.08 -3.34  
Pu 15  20184.83 -9.87  15136.65 -5.19  
Pu 18  19907.38 -11.11  14954.34 -6.33  
Pu 25  19553.39 -12.69  14719.88 -7.80  





















XPS 3 18553.73 -17.15  13797.99 -13.58  
 XPS 4 18332.12 -18.14  13657.08 -14.46  
 XPS 7 17998.86 -19.63  13441.41 -15.81  
 XPS 8 17935.56 -19.91  13405.69 -16.03  
 XPS 10 17841.75 -20.33  13340.77 -16.44  
 XPS 12 17773.17 -20.64  13296.72 -16.72  
 XPS 15 17696.9 -20.98  13247.15 -17.03  
 XPS 30 17480.71 -21.94  13081.21 -18.07  
 Pu 3 18256.3 -18.48  13590.07 -14.88  
 Pu 4 18105.59 -19.15  13483.69 -15.55  
 Pu 7 17880.71 -20.16  13328.51 -16.52  
 Pu 8 18838 -15.88  13299.53 -16.70  
 Pu 10 17773.93 -20.63  13255.43 -16.98  
 Pu 12 17726.25 -20.84  13222.26 -17.18  
 Pu 15 17671.29 -21.09  13181.37 -17.44  
 Pu 30 17500.86 -21.85  13035.89 -18.35  
 
• G+1 villa 
The wall of the G+1 baseline villa has 6 cm of XPS insulation, while the roof 
has a 4.5 cm of Pu insulation. For the wall insulation, a layer of (7-25 cm) of extruded 
polystyrene (XPS) and polyurethane (Pu) was added on the outer side for all the 
exterior walls. Whereas for the roof insulation, a layer of (4.5-25 cm) of XPS and (6-
25 cm) Pu was added and simulated.  
The effect of the orientation along with the different applied passive strategies 






results of BL and NDD as shown in Table 23. This procedure will be applied to the 
G+1 villa for the rest of the selected passive techniques. 
 
Table 23: G+1 villa insulation simulation results 
  
AEC (KWh) 










Wall: XPS 6 
Roof: Pu 4 
29596.79 - 28379.43 - 
All exterior 
wall insulation 
 XPS 7 29317.4 -0.94  28107.87 -0.96  
 XPS 8 29086.55 -1.72  27879.31 -1.76  
 XPS 10 28710.75 -2.99  27497.53 -3.11  
 XPS 12 28392.09 -4.07  27193.56 -4.18  
 XPS 15 27994 -5.42  26799.39 -5.57  
 XPS 18 27661.9 -6.54  26476.47 -6.71  
 XPS 25 26932.98 -9.00  25738.7 -9.31  
Pu 4 29820.96 0.76  28511.05 0.46  
 Pu 6 29342.63 -0.86  28068.97 -1.09  
 Pu 8 28882.29 -2.41  27625.97 -2.65  
 Pu 10 28524.19 -3.62  27310.05 -3.77  
 Pu 12 28227.83 -4.63  27045.98 -4.70  
 Pu 15 27867.87 -5.84  26689.13 -5.96  
 Pu 18 27546.11 -6.93  26384.37 -7.03  
 Pu 25 26852.29 -9.27  25686.06 -9.49  
Roof 
insulation  
Roof Pu 6 29292.91 -1.03  28067.45 -1.10  
Roof Pu 7 29182.93 -1.40  27951.39 -1.51  
Roof Pu 8 29091.09 -1.71  27858.23 -1.84  
Roof Pu 10 28957.65 -2.16  27716.03 -2.34  
Roof Pu 12 28907.49 -2.33  27661.59 -2.53  
Roof Pu 15 28812.66 -2.65  27560.43 -2.89  
Roof Pu 18 28731.32 -2.92  27492.67 -3.12  
Roof Pu 20 28697.87 -3.04  27450.41 -3.27  






Table 23: G+1 villa insulation simulation results (continued) 
  
AEC (KWh) 













29772.13 0.59  28567.14 0.66  
Roof XPS 6 29505.48 -0.31  28292.67 -0.31  
Roof XPS 8 29224.87 -1.26  27994.56 -1.36  
Roof XPS 10 29075.65 -1.76  27838.86 -1.90  
Roof XPS 12 28965.07 -2.13  27724.46 -2.31  
Roof XPS 15 28900.14 -2.35  27662.15 -2.53  
Roof XPS 18 28815.76 -2.64  27564.22 -2.87  
Roof XPS 20 28772.88 -2.78  27518.66 -3.03  
Roof XPS 25 28679.06 -3.10  27429.29 -3.35  
 
4.2.3 Glazing thermal characteristics results 
Five different glazing compositions were simulated. All the tested glazing 
compositions were double glazing (6 mm pane+ 12 mm air gap+ 6 mm pane) and Low-
E film. Table 24 and Table 25 summarized the annual simulation results of the different 
glazing alternatives for both the BL and NDD models. 
 





















2 0.29 21878.28 -2.30  15613.79 -2.20  
1.9 0.26 21880.8 -2.29  15605.3 -2.26  
1.7 0.21 21824.93 -2.54  15563.38 -2.52  
1.3 0.2 21799.77 -2.65  15546.89 -2.62  
































2 0.29 25767.71 -12.94  25477.88 -10.22  
1.9 0.26 25727.24 -13.07  25415.31 -10.44  
1.7 0.21 25423.02 -14.10  25138.73 -11.42  
1.3 0.2 25268.44 -14.62  25002.66 -11.90  
1.1 0.14 24788.96 -16.24  24591.89 -13.35  
 
4.2.4 Cool coating 
To calculate the energy-saving potential of applying the cool coating to the 
walls and roof, the BL and NDD models were run twice by adding an outer layer 
with a white and smooth surface property, once with the cool wall and again with the 
cool roof. The annual energy consumption, as predicted with the use of a cool 
coating layer are given in Table 26 and Table 27.  
 
Table 26: G-villa cool coating simulation results 
  
AEC (KWh) 










Beige color walls and 
light gray color roof  





22301.6 -0.41  
15913.27 -0.33  
Roof 
21998.86 -1.77  








Table 27: G+1 villa cool coating simulation results 
  
AEC (KWh) 










Beige color walls and 
light gray color roof  




Walls 29347.79 -0.84  28169.54 -0.74  
Roof 29391.67 -0.69  28174.6 -0.72  
 
4.2.5 Windows exterior shading  
Three local shading component types are available in DB as shown in Figure 
35 a, which are the louvers, overhang, and side-fins. Two different materials were used 
to design the exterior shading, which is the Aluminum and the GRC. Another selected 
windows’ exterior shading alternative is the ‘Mashrabiya’, which is a prefabricated 
lattice opening system inspired by the local traditional passive cooling strategy. A 
limitation of DB is that there is no custom-designed window shading. To overcome 
this issue, small-sized windows substitute the original window opening to increase the 
percentage of voids as shown in Figure 35 b. This way of simulating the mashrabiya 
in DB was inspired by (Turi & Ruggiero, 2017). 
 
  
Figure 35: Windows exterior shading (a) DB v6- local shading component. (b) G-








The baseline of the G-villa is having 50% of the total window area on the front 
façade is south-west oriented, while the right façade is south-east oriented with 30% 
of the total window area. For both façades, Aluminum louvers, window GRC frames, 
and GRC overhangs were simulated. The back façade is north-east oriented with 20% 
of the total window area; so, it is expected to have the minimum heat exchange when 
compared to the other two façades as shown in the sun-path diagram in Figure 36 a. 
For that only right side-fin and louvers will be simulated. Table 28 summarizes the 



























Table 28: G-villa BL windows’ exterior shading simulation results 
  AEC (KWh) 
Difference 
percentage %  




Front façade  
0.1 louver 15 degrees 22253.95 -0.63  
0.1 louver 23 degree 22245.12 -0.67  
0.2 louver 23 degrees 22150.66 -1.09  
0.1 frame 22353.34 -0.18  
0.2 frame 22302.2 -0.41  
0.5 overhang 22288.25 -0.47  
Right façade 
0.1 louver 23 degrees 22306.15 -0.39  
0.1 louver 23 degrees +0.1 two side-fins 22300.34 -0.42  
0.2 louver 23 degrees 22239.16 -0.69  
0.1 frame 22367.08 -0.12  
0.2 frame 22333.29 -0.27  
0.5 overhang 22296.01 -0.44  
Back façade 
0.2 right side-fin 22386.84 -0.03  
0.5 right side-fin 22379.3 -0.07  
0.1 23deg louver 22376.62 -0.08  
 Front, right, 
and back 
façades 
Mashrabiya 22009.25 -1.72  
 
The NDD of the G-villa is having around 60% of the total window area on the 
north (front) façade, while 30% in the south façade and 10% west façade. The north 
windows will be mostly shaded by the building as shown in Figure 36 b; for that, no 
exterior shading will be applied. For the west windows, only 0.5 m GRC right side-
fins were applied. More alternatives were simulated for the south windows, including 






23-degrees tilt angle. Table 29 summarizes the windows’ exterior shading simulation 
results of the G-villa NDD model. 
Table 29: G-villa NDD windows’ exterior shading simulation results 
  AEC (KWh) Difference 
percentage % 
Baseline  No windows’ 
exterior shading 
15965.65 - 
West (right) façade 0.5 Right west 15958.3 -0.05  
South (back) 
façade 
0.5 GRC 15867.84 -0.61  
0.75 GRC 15839.44 -0.79  
1 GRC 15820.28 -0.91  
0.15 louvers 10 deg 15831.12 -0.84  
0.15 louvers 23 deg 15820.16 -0.91  
 West and South 
windows 
Mashrabiya 15667.85 -1.87  
 
• G+1 villa 
The G+1 villa (BL and NDD) is having around 51% of the total window area 
on the front façade, 30% in the right façade, and 19% back façade. Unlike the BL 
(shown in Figure 37 a), the NDD front (north) windows will be mostly shaded by the 
building as shown in the sun-path diagram in Figure 37 b; for that, no exterior shading 
will be applied. The other exposed façades of the BL and NDD different exterior 































Table 30: G+1 villa BL windows’ exterior shading simulation results 




No windows’ exterior 
shading 
29596.79 - 
Front façade  
0.1 louver 28395.42 -4.06  
0.2 louver  27773.09 -6.16  
0.2 frame 29221.09 -1.27  
0.5 frame 28741.79 -2.89  
1 overhang 28743.3 -2.88  
Right façade 
0.1 louver  28929.99 -2.25  
0.1 louver +0.1 two 
side-fins 
28902.17 -2.35  
0.2 louver 28499.05 -3.71  
0.2 frame 29328.22 -0.91  
0.5 frame 28889.72 -2.39  
1 overhang 28944.26 -2.20  
Back façade 
0.1 right side-fin 29538.61 -0.20  
0.2 right side-fin 29511.58 -0.29  
0.5 right side-fin 29453.29 -0.48  
0.1 louver 29439.01 -0.53  
Front & right 
Façade 












Table 31: G+1 villa NDD windows’ exterior shading simulation results 




No windows’ exterior 
shading 
28379.43 - 
West (right) Façade  
0.5 Right  28186.8 -0.68  
0.75 Right  28120.74 -0.91  
0.5 Right and top  27814.23 -1.99  
0.1 louvers 15 degree 27783.72 -2.10  
0.1 louvers 23 degree 27727.24 -2.30  
South (back) Façade 
0.5 overhang  28150.55 -0.81  
0.75 overhang  28087.56 -1.03  
1 overhang  28037.14 -1.21  
0.1 louvers 15 degree 28027.84 -1.24  
0.1 louvers 23 degree 28007.37 -1.31  
0.2 louvers 23 degree 27771.78 -2.14  
West & south Façade Mashrabiya  27355.18 -3.61  
 
4.3 Total cost calculation 
After simulating the annual energy consumption (AEC) of all the passive 
alternatives (ref to Section 4.2), the total cost will be calculated according to Section 
3.3 pricing and Section3.5 equations and parameters. Regarding the orientation and 
geometry (NDD of the G-villa), the cost calculation will not be required. As the interest 
rate and inflation rate are equal, the PWF was found to be equal to 19.58 as shown in 

















As found in Section 4.2.2, annual energy consumption decreased with an 
increase in insulation thickness. The baseline insulation total cost was found to be 
1356.13 Dhs/m2 for the BL (refer to Table 32) and 962 Dhs/m2  for the NDD as (refer 
to Table 33).  
The graphs in Figure 38 and Figure 39 represent the variation of cost with 
insulation thickness for the G-villa. In the Pu insulation graphs (Figure 38b and d and 
Figure 39b and d) of both the wall and roof, the energy cost is mostly lower than the 
insulation cost, which means that the insulation cost might not overcome the energy 
cost so it is more recommended to choose the XPS insulation. 
Figure 40 and Figure 41 represents the G-villa graphs of the insulation total 
cost for 20 years. In the BL graphs (Figure 40), all the curves were open upward, which 
means that in each graph there is at least one scenario with a total cost lower than the 
baseline case. One the other hand, the curves of wall XPS insulation, roof XPS, and 
roof Pu in the NDD (Figure 41 a, c, and d) are open upward, while the wall Pu total 
cost curve is continuously increasing; so it is not cost-effective to select any scenario 
of it. 
Based on the total cost calculations, the minimum total cost of the wall 
insulation for the BL is 1254.86 Dhs/m2 for the 30 cm thickness of XPS insulation. 
Similarly, for the roof insulation of the BL, the minimum total cost is 1105.44 Dhs/m2 
for the 10 cm thickness of XPS insulation. For the NDD, the minimum total cost of 






831.80 Dhs/m2 for the 8 cm thickness of XPS roof insulation. These results confirm 
the high effect of the geometry and orientation on minimizing the optimum insulation 
thickness.  
 
Table 32: G-villa BL insulation total cost calculation 















Baseline No insulation 22394.32 6718.30 69.26 0.00 0.00 1356.13 
Wall 
Insulation 
XPS 3 21391.20 6417.36 66.16 10.00 12.57 1307.95 
XPS 4 21186.26 6355.88 65.52 15.00 18.86 1301.83 
XPS 7 20842.85 6252.86 64.46 18.00 22.63 1284.80 
XPS 15 20263.31 6078.99 62.67 35.50 44.63 1271.71 
XPS 18 19976.73 5993.02 61.78 42.00 52.80 1262.52 
XPS 25 19606.56 5881.97 60.64 55.50 69.77 1257.08 
XPS 30 19362.26 5808.68 59.88 65.50 82.34 1254.86 
 Pu 3 21221.27 6366.38 65.63 40.00 50.28 1335.37 
 Pu 4 21025.87 6307.76 65.03 65.00 81.71 1354.97 
 Pu 7 20715.21 6214.56 64.07 80.00 100.57 1355.01 
 Pu 15 20184.83 6055.45 62.43 133.00 167.20 1389.52 
 Pu18 19907.38 5972.21 61.57 154.00 193.60 1399.12 
 Pu 25 19553.39 5866.02 60.47 203.00 255.19 1439.28 
 Pu 30 19316.63 5794.99 59.74 238.00 299.19 1468.94 
Roof 
insulation 
XPS 3 18553.73 5566.12 57.38 10.00 10.00 1133.55 
 XPS 4 18332.12 5499.64 56.70 15.00 15.00 1125.13 
 XPS 7 17998.86 5399.66 55.67 18.00 18.00 1107.95 
 XPS 8 17935.56 5380.67 55.47 20.00 20.00 1106.12 
XPS10 17841.75 5352.53 55.18 25.00 25.00 1105.44 
XPS 12 17773.17 5331.95 54.97 29.50 29.50 1105.78 
 XPS 15 17696.90 5309.07 54.73 35.50 35.50 1107.17 






Table 32: G-villa BL insulation total cost calculation (continued) 

















 Pu 3 18256.30 5476.89 56.46 40.00 40.00 1145.54 
 Pu 4 18105.59 5431.68 56.00 65.00 65.00 1161.41 
 Pu 7 17880.71 5364.21 55.30 80.00 80.00 1162.80 
 Pu 8 18838.00 5651.40 58.26 84.00 84.00 1224.77 
 Pu 10 17773.93 5332.18 54.97 98.00 98.00 1174.33 
 Pu 12 17726.25 5317.88 54.82 112.00 112.00 1185.44 
 Pu 15 17671.29 5301.39 54.65 133.00 133.00 1203.12 
 Pu 30 17500.86 5250.26 54.13 238.00 238.00 1297.79 
 
Table 33: G-villa NDD insulation total cost calculation 















Baseline No insulation 15965.65 4789.70 49.38 0.00 0.00 962 
Wall 
Insulation 
XPS 3 15653.70 4696.11 48.41 10.00 12.57 960.51 
XPS 4 15595.55 4678.67 48.23 15.00 18.86 963.27 
XPS 7 15456.38 4636.91 47.80 18.00 22.63 958.62 
XPS 15 15151.85 4545.56 46.86 35.50 44.63 962.17 
XPS 18 14968.12 4490.44 46.29 42.00 52.80 959.22 
XPS 25 14730.68 4419.20 45.56 55.50 69.77 961.81 
XPS 30 14590.74 4377.22 45.13 65.50 82.34 965.91 
 Pu 3 15625.34 4687.60 48.33 40.00 50.28 996.50 
 Pu 4 15567.92 4670.38 48.15 65.00 81.71 1024.45 
 Pu 7 15433.08 4629.92 47.73 80.00 100.57 1035.15 
 Pu 15 15136.65 4541.00 46.81 133.00 167.20 1083.82 
 Pu18 14954.34 4486.30 46.25 154.00 193.60 1099.18 
 Pu 25 14719.88 4415.96 45.53 203.00 255.19 1146.58 







Table 33: G-villa NDD insulation total cost calculation (continued) 

















XPS 3 13797.99 4139.40 42.67 10.00 10.00 845.56 
 XPS 4 13657.08 4097.12 42.24 15.00 15.00 842.03 
 XPS 7 13441.41 4032.42 41.57 18.00 18.00 831.97 
 XPS 8 13405.69 4021.71 41.46 20.00 20.00 831.80 
XPS10 13340.77 4002.23 41.26 25.00 25.00 832.87 
XPS 12 13296.72 3989.02 41.12 29.50 29.50 834.71 
 XPS 15 13247.15 3974.15 40.97 35.50 35.50 837.70 
 XPS 30 13081.21 3924.36 40.46 65.50 65.50 857.65 
 Pu 3 13590.07 4077.02 42.03 40.00 40.00 862.97 
 Pu 4 13483.69 4045.11 41.70 65.00 65.00 881.53 
 Pu 7 13328.51 3998.55 41.22 80.00 80.00 887.13 
 Pu 8 13299.53 3989.86 41.13 84.00 84.00 889.38 
 Pu 10 13255.43 3976.63 41.00 98.00 98.00 900.71 
 Pu 12 13222.26 3966.68 40.89 112.00 112.00 912.70 
 Pu 15 13181.37 3954.41 40.77 133.00 133.00 931.22 










































Figure 40: G-villa BL total cost variation with insulation thickness (continued) 
 
   









   






• G+1 villa 
The insulation total cost of the BL was found to be 702.22 Dhs/m2 when 
considering the baseline wall insulation and 720.75 Dhs/m2 when considering the 
baseline roof insulation (refer to Table 34). For the NDD, it was 674.28 Dhs/m2  when 
considering the baseline wall insulation and 692.82 Dhs/m2 when considering the 
baseline roof insulation (refer to Table 35).  
As mentioned earlier, the NDD is having the same design (including wall and 
roof area) and WWR of the BL (they differ in the orientation only), for that the 
insulation cost per area is the same for both. The graphs in Figure 42 represent the 
variation of cost with insulation thickness for the G-villa. Similar to the G-villa, the 
energy cost of the Pu insulation graphs (Figure 42) of both the wall and roof is lower 
than the insulation cost, so it is more recommended to choose the XPS insulation. In 
Figure 43 and Figure 44 the XPS curves were open upward, which means that in each 
graph there is at least one scenario with a total cost lower than the baseline case, while 
the Pu total cost curve is continuously increasing.  
Based on the total cost calculations, both the BL and NDD are having the same 
optimum 15 cm XPS wall insulation and 12 cm XPS roof insulation thickness, 
however, they differ in the total cost as per Table 34 and Table 35. As the same 
insulation thickness was applied to all the villa walls, the effect of changing the 









Table 34: G+1 villa BL insulation total cost calculation 



















29596.79 8879.04 34.68 17.00 23.11 702.22 
 XPS 7 29317.40 8795.22 34.36 18.00 24.47 697.17 
 XPS 8 29086.55 8725.97 34.09 20.00 27.19 694.59 
 XPS 10 28710.75 8613.23 33.65 25.00 33.98 692.76 
 XPS 12 28392.09 8517.63 33.27 30.00 40.78 692.25 
 XPS 15 27994.00 8398.20 32.81 36.00 48.94 691.27 
 XPS 18 27661.90 8298.57 32.42 42.00 57.09 691.80 
 XPS 25 26932.98 8079.89 31.56 56.00 76.13 694.11 
 Pu 4 29820.96 8946.29 34.95 65.00 88.36 772.61 
 Pu 6 29342.63 8802.79 34.39 75.00 101.95 775.23 
 Pu 8 28882.29 8664.69 33.85 84.00 114.19 776.90 
 Pu 10 28524.19 8557.26 33.43 98.00 133.22 787.72 
 Pu 12 28227.83 8468.35 33.08 112.00 152.25 799.95 
 Pu 15 27867.87 8360.36 32.66 133.00 180.80 820.23 
 Pu 18 27546.11 8263.83 32.28 154.00 209.34 841.40 
 Pu 25 26852.29 8055.69 31.47 203.00 275.95 892.09 
Roof 
insulation 
Baseline     
Pu 4.5 
29596.79 8879.04 34.68 65.00 41.64 720.75 
 Pu 6 29292.91 8787.87 34.33 75.00 48.05 720.18 
 Pu 7 29182.93 8754.88 34.20 80.00 51.25 720.86 
 Pu 8 29091.09 8727.33 34.09 84.00 53.81 721.32 
 Pu 10 28957.65 8687.30 33.93 98.00 62.78 727.22 
 Pu 12 28907.49 8672.25 33.88 112.00 71.75 735.04 
 Pu 15 28812.66 8643.80 33.76 133.00 85.20 746.32 
 Pu 18 28731.32 8619.40 33.67 154.00 98.66 757.91 
 Pu 20 28697.87 8609.36 33.63 168.00 107.63 766.11 








Table 34: G+1 villa BL insulation total cost calculation (continued)   

















 XPS 4.5 29772.13 8931.64 34.89 14.50 9.29 692.42 
 XPS 6 29505.48 8851.64 34.58 17.50 11.21 688.22 
 XPS 8 29224.87 8767.46 34.25 20.00 12.81 683.39 
 XPS 10 29075.65 8722.70 34.07 25.00 16.02 683.17 
 XPS 12 28965.07 8689.52 33.94 29.50 18.00 682.61 
 XPS 15 28900.14 8670.04 33.87 35.50 22.74 685.86 
 XPS 18 28815.76 8644.73 33.77 42.00 26.91 688.09 
 XPS 20 28772.88 8631.86 33.72 45.50 29.15 689.35 
 XPS 25 28679.06 8603.72 33.61 55.50 35.55 693.60 
 
Table 35: G+1 villa NDD insulation total cost calculation 



















28379.43 8513.83 33.26 17.00 23.11 674.28 
 XPS 7 28107.87 8432.36 32.94 18.00 24.47 669.41 
 XPS 8 27879.31 8363.79 32.67 20.00 27.19 666.89 
 XPS 10 27497.53 8249.26 32.22 25.00 33.98 664.92 
 XPS 12 27193.56 8158.07 31.87 30.00 40.78 664.75 
 XPS 15 26799.39 8039.82 31.41 36.00 48.94 663.86 
 XPS 18 26476.47 7942.94 31.03 42.00 57.09 664.60 
 XPS 25 25738.70 7721.61 30.16 56.00 76.13 666.71 
 Pu 4 28511.05 8553.32 33.41 65.00 88.36 742.55 
 Pu 6 28068.97 8420.69 32.89 75.00 101.95 746.00 
 Pu 8 27625.97 8287.79 32.37 84.00 114.19 748.07 
 Pu 10 27310.05 8193.02 32.00 98.00 133.22 759.86 
 Pu 12 27045.98 8113.79 31.69 112.00 152.25 772.83 
 Pu 15 26689.13 8006.74 31.28 133.00 180.80 793.19 
 Pu 18 26384.37 7915.31 30.92 154.00 209.34 814.74 







Table 35: G+1 villa NDD insulation total cost calculation (continued) 

















Baseline     
Pu 4.5 
28379.43 8513.83 33.26 65.00 41.64 692.82 
 Pu 6 28067.45 8420.24 32.89 75.00 48.05 692.06 
 Pu 7 27951.39 8385.42 32.76 80.00 51.25 692.60 
 Pu 8 27858.23 8357.47 32.65 84.00 53.81 693.03 
 Pu 10 27716.03 8314.81 32.48 98.00 62.78 698.73 
 Pu 12 27661.59 8298.48 32.42 112.00 71.75 706.45 
 Pu 15 27560.43 8268.13 32.30 133.00 85.20 717.59 
 Pu 18 27492.67 8247.80 32.22 154.00 98.66 729.48 
 Pu 20 27450.41 8235.12 32.17 168.00 107.63 737.48 
 Pu 25 27374.42 8212.33 32.08 203.00 130.05 758.16 
 XPS 4.5 28567.14 8570.14 33.48 14.50 9.29 664.77 
 XPS 6 28292.67 8487.80 33.16 17.50 11.21 660.40 
 XPS 8 27994.56 8398.37 32.81 20.00 12.81 655.16 
 XPS 10 27838.86 8351.66 32.62 25.00 16.02 654.79 
 XPS 12 27724.46 8317.34 32.49 29.50 18.00 654.15 
 XPS 15 27662.15 8298.65 32.42 35.50 22.74 657.46 
 XPS 18 27564.22 8269.27 32.30 42.00 26.91 659.38 
 XPS 20 27518.66 8255.60 32.25 45.50 29.15 660.57 










   
 
   
 

















Figure 43: G+1 villa BL total cost variation with insulation thickness (continued) 
 
  










   
 






4.3.2 Glazing thermal characteristics 
As found in Section 4.2.2, the AEC decreased by enhancing the thermal 
characteristics of the glazing. The G-villa baseline glazing thermal characteristics were 
having a U-value of 2.6 W/m2K and SHGC of 0.5, while the total cost was found to 
be 1378.51 Dhs/m2 for the BL and 1000.88 Dhs/m2 for the NDD. The G-villa cost 
optimum glazing composition was a U-value of 2 W/m2K and SHGC of 0.29 for the 
BL and NDD, as shown in Table 36 and Table 37.  
 




















Baseline 2.6  0.5 22394.32 6718.30 69.26 170.00 22.38 1378.51 
Glazing 
2  0.29 21878.28 6563.48 67.66 201.00 26.46 1351.34 
1.9  0.26 21880.80 6564.24 67.67 209.00 27.51 1352.54 
1.7  0.2 21824.93 6547.48 67.50 258.00 33.97 1355.61 
1.3  0.2 21799.77 6539.93 67.42 316.00 41.60 1361.72 
1.1  0.1 21697.65 6509.30 67.11 360.00 47.39 1361.33 
 




















Baseline 2.6  0.5 15965.65 4789.70 49.38 185.00 38.14 1001.88 
Glazing 
2  0.29 15613.79 4684.14 48.29 201.00 41.44 986.96 
1.9  0.26 15605.30 4681.59 48.26 209.00 43.09 988.10 
1.7  0.2 15563.38 4669.01 48.13 258.00 53.20 995.66 
1.3  0.2 15546.89 4664.07 48.08 316.00 65.15 1006.62 







The G+1 villa baseline glazing thermal characteristics were having a U-value 
of 2 W/m2. K and SHGC of 0.69. The G+1 villa cost optimum glazing composition 
was a U-value of 2 W/m2. K and SHGC of 0.29 for the BL and a U-value of 1.9 
W/m2. K and SHGC of 0.26 for the NDD, as shown in Table 38 and Table 39.  
 




















Baseline 2  0.69 29596.79 8879.04 34.68 190.00 31.91 711.02 
Glazing 
2  0.29 25767.71 7730.31 30.20 201.00 33.76 625.01 
1.9  0.26 25727.24 7718.17 30.15 209.00 35.11 625.43 
1.7  0.2 25423.02 7626.91 29.79 258.00 43.34 626.68 
1.3  0.2 25268.44 7580.53 29.61 316.00 53.08 632.87 
1.1  0.1 24788.96 7436.69 29.05 360.00 60.47 629.26 
 




















Baseline 2  0.69 28379.43 8513.83 33.26 190.00 31.91 683.09 
Glazing 
2  0.29 25477.88 7643.36 29.86 201.00 33.76 618.36 
1.9  0.26 25415.31 7624.59 29.78 209.00 35.11 618.27 
1.7  0.2 25138.73 7541.62 29.46 258.00 43.34 620.15 
1.3  0.2 25002.66 7500.80 29.30 316.00 53.08 626.77 







4.3.3 Cool coating 
A reduction of the annual energy consumption was retrieved from applying the 
cool coating to the walls and roofs of the two baseline villas. As can be noticed in 
Table 40 and Table 41, the G-villa baseline (existing) beige wall painting was the cost-
optimum solution, while for the roof the cool coating was the optimum. On the other 
hand, the cool coating was not costly effective for the walls and roof of G+1 BL and 
NDD (refer to Table 42 and Table 43). 
The reason behind not having the wall cool coating to be the optimum is the 
light color painting that the baselines already had, so the saving of the cool coating 
was minor when compared to the difference in cost between the normal painting and 
the cool coating. For the roof, the cool coating was the optimum only for the G-villa; 
because it has only one floor so the external roof to floor area is bigger than the G+1 
villa (two floors). 
 































22301.6 6690.48 68.97 25.00 31.43 1381.94 
Roof 
  Cool 
coating 








































15913.27 4773.98 49.22 25.00 31.43 995.08 
Roof 
  Cool 
coating 
15685.63 4705.69 48.51 25.00 25.00 974.87 
 





















Wall Beige  










29845.79 8953.74 34.98 25.00 33.98 718.81 
Roof 
  Cool 
coating 
29391.67 8817.50 34.44 25.00 16.02 690.42 
 





















Wall Beige  










28169.54 8450.86 33.01 25.00 33.98 680.34 
Roof 
  Cool 
coating 








4.3.4 Windows’ exterior shading  
As mentioned in Section 4.2.5, the baseline models of the G and G+1 villa had 
no exterior windows shading. Based on the total cost calculations of the selected 
shadings (refer to Table 44 and Table 45), the optimum scenario of the G-villa BL was 
0.5m GRC overhang applied on the front (southwest) façade windows, while the 
optimum scenario for the rest of the G-villa BL and NDD windows is not to be shaded. 
For the G+1 BL windows, the optimum scenario is to have 0.1 m Aluminum louvers 
on the front (southwest) façade windows, 0.2 m Aluminum louvers on the right façade 
windows, and no shading on the back-façade windows. Similarly, the G+1 NDD 
optimum scenario is to have 0.1 m Aluminum louvers on the west (right) and south 
(back) façade windows only.  
As noticed, the optimum size of the shading was smaller in the NDDs when 
compared to the BLs; because of the orientation effect in the NDDs that maximized 
the north-oriented windows. Similarly, if we compared the G-villa with the G+1, the 
optimum shading of the G-villa was smaller. The justification behind that is the smaller 
WWR, occupancy pattern, and HVAC schedule of the occupants, in which they are 
occupying the place and turning on the AC mostly after working hours. After working 
hours, the sun location will be mostly hitting the southwest façade; for that, only the 
front (southwest) façade windows shading was recommended in the G-villa BL. This 
fact makes applying the shading, which is effective during the daytime, to be not cost-


































0.1 louver 15 
degrees 
22253.95 6676.19 68.83 550.00 8.51 1356.13 
0.1 louver 23 degree 22245.12 6673.54 68.80 550.00 8.51 1355.60 
0.2 louver 23 
degrees 
22150.66 6645.20 68.51 550.00 17.01 1358.38 
0.1 frame 22353.34 6706.00 69.13 350.00 5.41 1359.06 
0.2 frame 22302.20 6690.66 68.98 350.00 10.82 1361.37 
0.5 overhang 22288.25 6686.48 68.93 350.00 5.41 1355.12 
Right 
façade  
0.1 louver 23 
degrees 
22306.15 6691.85 68.99 550.00 6.38 1357.17 
0.1 louver 23 
degrees +0.1 two 
side-fins 
22300.34 6690.10 68.97 550.00 9.78 1360.22 
0.2 louver 23 
degrees 
22239.16 6671.75 68.78 550.00 12.76 1359.49 
0.1 frame 22367.08 6710.12 69.18 350.00 3.52 1357.99 
0.2 frame 22333.29 6699.99 69.07 350.00 7.04 1359.47 
0.5 overhang 22296.01 6688.80 68.96 350.00 6.77 1356.94 
Back 
façade  
0.2 right side-fin 22386.84 6716.05 69.24 350.00 1.62 1357.30 
0.5 right side-fin 22379.30 6713.79 69.21 350.00 4.06 1359.28 


































No windows’ exterior 
shading 








0.5 GRC overhang  15867.84 4760.35 49.08 350.00 10.64 971.55 
0.75 GRC overhang  15839.44 4751.83 48.99 350.00 15.97 975.15 
1.0 GRC overhang  15820.28 4746.08 48.93 350.00 21.29 979.31 
0.15 louvers 10 deg 15831.12 4749.34 48.96 550.00 17.52 976.20 































No windows’ exterior 
shading 




0.1 louver 28395.42 8518.63 33.28 550.00 15.43 666.97 
0.2 louver  27773.09 8331.93 32.55 550.00 30.85 668.11 
0.2 frame 29221.09 8766.33 34.24 350.00 5.99 676.48 
0.5 frame 28741.79 8622.54 33.68 350.00 14.97 674.46 




0.1 louver  28929.99 8679.00 33.90 550.00 15.43 679.23 
0.1 louver +0.1 two side-
fins 
28902.17 8670.65 33.87 550.00 13.82 676.99 
0.2 louver 28499.05 8549.72 33.40 550.00 17.19 671.11 
0.2 frame 29328.22 8798.47 34.37 350.00 8.75 681.70 
0.5 frame 28889.72 8666.92 33.86 350.00 21.88 684.76 




0.1 right side-fin 29538.61 8861.58 34.62 350.00 1.91 679.69 
0.2 right side-fin 29511.58 8853.47 34.58 350.00 1.91 679.12 
0.5 right side-fin 29453.29 8835.99 34.52 350.00 4.79 680.60 








0.1 louver and             
0.2 louver 



























No windows’ exterior 
shading 
28379.43 8513.83 33.26 0.00 0.00 651.17 
West 
(right) 
Façade   
0.5 Right  28186.8 8456.04 33.03 350.00 8.31 655.07 
0.75 Right  28120.74 8436.22 32.95 350.00 12.47 657.71 
0.5m Right and top  27814.23 8344.27 32.59 350.00 13.23 651.44 
0.1 louvers 15 degree 27783.72 8335.12 32.56 550.00 8.59 646.10 




0.5 overhang  28150.55 8445.17 32.99 350.00 3.28 649.20 
0.75 overhang  28087.56 8426.27 32.92 350.00 4.92 649.40 
1 overhang  28037.14 8411.14 32.86 350.00 6.56 649.88 
0.1 louvers 15 degree 28027.84 8408.35 32.85 550.00 5.84 648.95 
0.1 louvers 23 degree 28007.37 8402.21 32.82 550.00 5.84 648.48 




Mashrabiya  27355.18 8206.55 32.06 350.00 29.26 656.93 
 
4.4 Summary of optimum results 
The cost-optimum solutions are summarized in Table 48- Table 51. All the 
optimum solutions were combined in one model and simulated in DB to find the AEC 
and annual energy cost of the optimum models. The G-villa BL cost optimum model 
will save annually 30.78 Dhs/m2 and will have an extra initial cost of 129.83 Dhs/m2 
that will be paid back by around four years and three months, while the NDD cost 
optimum model will save annually 31.52 Dhs/m2 and will have an extra initial cost of 
73.59 Dhs/m2 that will be paid back by around two years and four months. For the 
G+1 villa, the BL cost optimum model will save annually 7.29 Dhs/m2 and will have 






the NDD cost optimum model will save annually 7.35 Dhs/m2 and will have an extra 
initial cost of 19.81 Dhs/m2 that will be paid back by around two years and eight 
months. 
In Figure 45 and Figure 46 compared the baseline validated model, the two 
optimum models (BL and NDD), and the ‘top’ model (that applied all the studied 
passive strategies with the lowest energy cost/consumption (refer to Section 4.2), for 
example, 30 cm XPS insulation for walls and roofs and glazing of with U-value of 1.1 
W/m2K and SHGC of 0.14). Figure 45 a and Figure 46 a show the annual energy cost 
and the initial additional cost of applying the selected passive strategies.  
For the G-villa, the optimum model based on the total cost strategy and the 
payback period strategy was the NDD (refer to Figure 45 b and Table 49); due to the 
new applied design and orientation that minimized the total cost and the optimum 
insulation thickness. For the G+1 BL and NDD, both had the same design and 
insulation thickness, however, they varied in the orientation, glazing, and shading. This 
variation caused the NDD to be the optimum based on the total cost strategy and the 
payback period strategy (refer to Figure 46 b and Table 50). From these results, it can 
be seen that the configuration and the old construction (no insulation) of the G-villa 
baseline scenario is the reason behind the higher costs when compared to the G+1 villa 
and the higher difference between the total cost of the baseline and the G-villa models 
(BL, NDD, and the top).  
In Table 52, a comparison of the optimum models with SA'FAT and Estidama 
villa pearl rating system (EVPRS) requirements. All the points were matching with the 
minimum mandatory requirements, except for the cool roof and walls in SA’FAT and 






Table 48: Summary of the G-villa BL optimum solutions 















Baseline - 22394.32 69.26 - 0.00 - 
Orientation East 21875.95 67.66 1.60 0.00 0.00 
Wall insulation 30 cm of XPS 19362.26 59.88 9.38 82.34 8.78 
Roof insulation 10 cm of XPS 17841.75 55.18 14.08 25.00 1.78 
Glazing 2/0.29 21878.28 67.66 1.60 4.08 2.56 
Wall cool coating no coating - - - - - 
Roof cool coating cool coating applied  21998.86 68.04 1.22 13.00 10.63 
Shading device Front 0.5m overhang 22288.25 68.93 0.33 5.41 16.39 
Total (BL 
optimum) 
baseline design 12442.19 38.48 30.78 129.83 4.22 
 
Table 49: Summary of the G-villa NDD optimum solutions 















Baseline - 22394.32 69.26 - - - 
Orientation, new 
plan, and WWR 
(NDD reference) 
The long-side is 
north-oriented and 12 
WWR 
15965.65 49.38 19.88 - - 
Wall insulation 7cm of XPS 15456.38 47.80 1.58 22.63 14.37 
Roof insulation 8cm of XPS 13405.69 41.46 7.92 20.00 2.53 
Glazing 2/0.29 15613.79 48.29 1.09 6.39 5.87 
Wall cool coating no coating - - - - - 
 Roof cool coating cool coating applied 15685.63 48.51 0.87 13.00 15.01 
Shading device no shading - - - - - 









Table 50: Summary of the G+1-villa BL optimum solutions 















Baseline Southwest  29596.79 34.68 - - - 
Wall insulation 15cm of XPS 27994.00 32.81 1.88 25.83 13.75 




Glazing 2.0/0.29 25767.71 30.20 4.49 1.85 0.41 
Wall cool coating no coating - - - - - 
Roof cool coating no coating - - - - - 
Front shading device  0.1 louver  28395.42 33.28 1.41 15.43 10.96 
Right shading device 0.2 louver 28499.05 33.40 1.29 17.19 13.36 
Total (optimum) baseline orientation 23374.65 27.39 7.29 36.66 5.03 
 
Table 51: Summary of the G+1-villa NDD optimum solutions 















Baseline  29596.79 34.68 - - - 
Orientation (NDD 
reference) 
north 28379.43 33.26 1.43 0.00 0.00 
Wall insulation 15cm of XPS 26799.39 31.41 1.85 25.83 13.95 




Glazing 1.9/0.26 25415.31 29.78 3.47 3.19 0.92 
Wall cool coating no coating - - - - - 
Roof cool coating no coating - - - - - 
West shading device 0.1 m louver 27727.24 32.49 0.76 8.59 11.24 
South shading device 0.1m louver 28007.37 32.82 0.44 5.84 13.39 









Figure 45: Comparison of the G-villa scenarios (a) Annual energy cost and the 









Figure 46: Comparison of the G+1 villa scenarios (a) Annual energy cost and the 









Table 52: Comparison of the optimum models with SA'FAT and Estidama 
requirements 
 SA’FAT EVPRS G-villa optimum G+1 optimum 




• 0.3 for the 
roof 
• 0.57 for the 
wall (bronze) 
Optional 0.42 
for the wall 
(gold)  
• 0.14 for the 
roof 
• 0.32 for the 
Wall 
• 0.28 for the 
roof 
• 0.35 for the 
wall 
• 0.24 for the 
roof 
• 0.20 for the 
wall 
Glazing If WWR less than 
40%: 
• U= 2.1 
W/m2.K 
(max)  
• SHGC: 0.4 
(max) 





the glazing  




• SHGC: 0.29 
• U=1.9 
W/m2.K 




- • 15% of the 
conditioned 
floor area  
• Optional 1 
credit: if the 
glazing area 
was less than 
10% of the 
conditioned 
floor area 
• 12% • 9% 
Minimum 
SRI 
• 75% of the 
roof with SRI 
≥78 
• 75% of the 
wall  
• Optional 1 
credit: SRI 
≥78 
• Roof cool 
coating is 
applied  





• 50% of the 
glazing must 







• Shading covers 




• Maximum of 
20% free area 
of the shading 
device 




• No shading 
















5 Chapter 5: Conclusion 
 
This study aimed to identify the cost-optimal passive strategies for residential 
villas in Sharjah, UAE. Based on the followed optimization methodology, the optimum 
solutions were defined for the two selected case study villas and it was found that they 
are being affected by the building typology, geometry, and occupancy schedule. The 
building’s most cost-effective strategies were the aspect ratio, orientation, roof 
insulation, wall insulation, and glazing, respectively. On the other hand, the shading 
devices were directly related to the occupancy pattern. Therefore, it was not effective 
for the G-villa as it was mostly occupied after working hours. For the wall cool coating, 
it was not effective when compared to the light color painting of the baseline. The roof 
cool coating was effective only for the G-villa, because it has higher heat gain through 
the roof due to the larger roof surface area to volume when compared to the G+1 villa.  
The G-villa validated baseline and the optimum model were having an annual 
energy cost of 69.26 Dhs/m2and 37.74 Dhs/m2, respectively. The determined 
optimum solutions are the new aspect ratio that has a north-oriented long-side, 7 cm 
XPS wall insulation, 8 cm XPS roof insulation, glazing with a U-value of 2 W/m2K 
and SHGC of 0.29, and a roof cool coating. For the G+1 villa, the validated baseline 
and the optimum model were having an annual energy cost of 34.68 Dhs/m2, and 27.34 
Dhs/m2, respectively. The results revealed that the optimum solution is to have the 
front façade to be north-oriented, 15 cm XPS wall insulation, 12 cm XPS roof 
insulation, glazing with a U-value of 1.9 W/m2K and SHGC of 0.26, 0.1 m Aluminum 






energy when compared to the G+1 villa; as a result, the difference between the baseline 
and optimum model was bigger in the G-villa.  
The importance of the followed optimization approach is that it balances the 
initial cost and annual energy consumption by choosing the minimum total cost, which 
can convince the real market developers and housing agencies to implement the 
optimum passive strategies. The adoption of the optimum solutions in the commercial 
and governmental applications is expected to enhance and promote the implementation 
of sustainable residential buildings in Sharjah, UAE. This approach can be connected 
with a local rating system such as the Estidama villa pearl rating system or Sa'fat. 
Besides, it will allow the evaluation of sustainable houses as well as the suggested 
sustainable alternatives. The application of the adopted methodology can be extended 
to be used for different sustainable alternatives and buildings’ typologies in UAE. 
The main limitations of this study that might affect the previous results are the 
limited selection of the passive strategies, the use of Energy-plus Weather data file in 
the simulation, DesginBuilder Software limitations, and the ignorance of the labor, 
maintenance, and indirect costs, Additionally, the results are subject to change based 
on the price of electricity, predicted future inflation rated, and the initial cost of the 
materials. Future research can be carried out to overcome some of the previously 
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8 Appendix B  
Note: Personal data were hidden for privacy reasons 
 








































































9 Appendix C 
Appendix C: G-villa insulation simulation for the different orientation with respect to 




Difference percentage % 
New baseline  No insulation 15965.65 - 
East Insulation 
 XPS 3 15913.48 -0.33  
 XPS 4 15904.19 -0.38  
 XPS 7 15880.96 -0.53  
 XPS 15 15809.02 -0.98  
 Pu 3 15907.33 -0.37  
 Pu 4 15898.45 -0.42  
 Pu 7 15876.19 -0.56  
 Pu 15 15805.9 -1.00  
West insulation 
 XPS 3 15906.53 -0.37  
 XPS 4 15898.15 -0.42  
 XPS 7 15880.05 -0.54  
 XPS 15 15848.63 -0.73  
 Pu 3 15896.74 -0.43  
 Pu 4 15889.03 -0.48  
 Pu 7 15872.63 -0.58  
 Pu 15 15843.92 -0.76  
South insulation 
 XPS 3 15773.23 -1.21  
 XPS 4 15744.99 -1.38  
 XPS 7 15677.02 -1.81  
 XPS 15 15547.63 -2.62  
 Pu 3 15747.61 -1.37  
 Pu 4 15720.85 -1.53  
 Pu 7 15657.56 -1.93  
 Pu 15 15535.31 -2.70  
 
